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foreword 





This quarterly review of reactor development has been prepared at the request of the 
Office of Technical Information of the U. S. Atomic Energy Commission. Its purpose is 
to assist interested organizations in the task of keeping abreast of new results in reactor 
technology for civilian application. 

The report is a concise discussion of selected phases of research and development for 
which there have been significant advances or a heightened interest in the past few 
months. It is not meant to be a comprehensive abstract of all material published during 
the quarter, nor is it meant to be a treatise on any part of the subject. The intention is 
to cover the various areas of reactor development from the general viewpoint of the re- 
actor designer rather than from the more detailed points of view of specialists in the 
individual areas. However, papers which are thought to be of particular significance or 
particular usefulness in specialized fields will be mentioned in short notes. In the over- 
all plan of the report, it is intended that various subjects will be treated from time to 
time and will be brought up to date at that time. 

Any interpretation of results which is given represents only the opinion of the editors 
of the report, who are General Nuclear Engineering Corporation personnel. Readers are 
urged to consult the original references in order to obtain all the background of the work 
reported and to obtain the interpretation of the results given by the original authors. 


W. H. ZINN 
General Nuclear Engineering Corporation 
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Small Power Reactors 


In early 1959, the U.S. Atomic Energy Com- 
mission initiated a study to assess the feasi- 
bility of low-level power generation through 
the use of certain types of small-sized nuclear 
reactors. Evaluation and state-of-the-art re- 
ports were prepared by the Commission and by 
several nuclear engineering companies, cover- 
ing the pressurized-water, the boiling-water, 
and the organic-moderated reactor types. These 
reports, listed as references 1 to 6, were re- 
viewed in the March 1960 issue of Power Reac- 
tor Technology, Vol. 3, No. 2, pages 6 to 12. 
After the studies, in November 1959, the Com- 
mission invited proposals for a small-sized 
pressurized-water reactor complex, to generate 
235,000 lb of dry and saturated steam per hour 
at a pressure of 500 psig. The reactor com- 
plex, to be owned by the Commission, would 
produce steam for sale to a cooperative or 
publicly owned electric-power-generating or- 
ganization, which would furnish fossil-fuel su- 
perheat and turbogenerating equipment to gen- 
erate 22,000 kw(e) gross.* The specifications 
and conceptual design upon which the invitation 
to reactor suppliers was based are given in two 
published reports. These reports, the last in 
the small-reactor series, are listed as refer- 
ences 9 and 10. 


Process Heat 


Reference 11 contains the proceedings of a 
symposium on low-temperature nuclear process 





* The invitation to municipal and cooperative utili- 
ties stipulated that the AEC would furnish the fossil- 
fuel superheater if necessary.’ Proposals by the City 
of Jamestown, N. Y., and the Dairyland Power Co- 
operative of LaCrosse, Wis., are being considered by 
the Commission.® 
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heat, which was conducted by the AEC in Oc- 
tober 1959. The purposes of the meeting were 
to (1) present technical and economic informa- 
tion on low-temperature process-heat reactors 
and (2) ascertain from those present the extent 
of industry interest in participating in the de- 
velopment of such reactors. With regard to the 
second purpose, the answers to a questionnaire 
circulated at the meeting indicated a strong 
majority opinion that progress in nuclear- 
process-steam applications would be slow with- 
out substantial government aid. A plurality of 
those responding favored government aid in the 
form of payment of research and development 
costs and of sharing the reactor construction 
costs; this preference was particularly strong 
among the users of process heat. 

The substance of much of the technical in- 
formation on process heat has been covered in 
the June 1959 issue of Power Reactor Technol- 
ogy, Vol. 2, No. 3, pages 4 and 5, and the De- 
cember 1959 issue, Vol. 3, No. 1, pages 1 to 5. 
However, a discussion of considerable interest 
is that by Robert W. Ritzmann, AEC Division of 
Reactor Development, on the factors entering 
the choice of materials and steam pressure for 
the Experimental Low-Temperature Process- 
Heat Reactor (ELPHR).* Briefly, the useful- 
ness of relatively lowtemperatures for process- 
steam applications supports hopes of lowering 
reactor costs and fuel costs, through the use of 
carbon or low-alloy steel for the reactor pri- 





*This reactor, a pressurized-water reactor, was 
scheduled to serve as the steam source for the ex- 
perimental saline-water conversion plant being built 
at Point Loma, San Diego, Calif., by the Department 
of the Interior; however, the Point Loma site was 
questioned on safeguard grounds. A recently announced 
decision will permit the conversion-plant construc- 
tion to proceed using a conventional heat source. 
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mary system and through the use of aluminum 
for the fuel jackets and core structure. The 
two materials are not entirely compatible with 
each other in the sense that the low-alloy steel 
requires a pH of the primary water onthe alka- 
line side for best anticorrosion performance, 
whereas the aluminum alloys show the best cor- 
rosion resistance when the water is slightly 
acid. Since the anticipated use of the ELPHR 
(for the saline-water conversion plant) required 
secondary steam at only 5 psig, it was decided 
that both materials could be used, with neutral 
primary water, and that the reactor could be 
used as a long-term experiment to determine 
the maximum temperature at which the combi- 
nation of materials would perform satisfac- 
torily. Estimates by Argonne National Labo- 
ratory (ANL) indicated that secondary steam 
production at 15 psig could be reliably expected, 
that 65-psig steam was a reasonable expecta- 
tion, and that considerable potential existed for 
the attainment of 180-psig steam through a re- 
search and development program. Consequently 
the reactor system was to be designed for a 
power output of 40 Mw(t) of secondary steam at 
180 psig, but initial operation was planned at 
30 Mw(t), with 15-psig secondary steam. 


In connection with the use of aluminum alloys 
in water-cooled reactors, a paper’? summariz- 
ing some British work on aqueous corrosion is 
of interest. 
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Isotope Separation 


When enriched uranium serves predominantly 
as the fuel in a nuclear power industry, the 
characteristics of the isotope-separation proc- 
ess may have important effects, both on fuel 
costs and on the efficiency of fuel utilization. 
Snyder! summarizes some of the results of the 
theory of a diffusion cascade, shows how the 
major variables are related to the cost of en- 
riched uranium, and discusses the AEC price 
schedule for enriched uranium in relation to 
these variables. 


One of the functions which occurs frequently 
in the equations describing ideal cascades is 
the so-called “separative-work’’ function.” Al- 
though this function does not have the dimen- 
sions of work or energy, it is closely related to 
the amount of work that must be done to achieve 
a given separation by a given process. It is 
proportional to the total quantity of fluid which 
must be circulated to produce a unit mass of the 
desired product. Similarly, it is directly related 
to total pump capacity, pumping power con- 
sumed, barrier area required, and other pa- 
rameters which are closely related to the 
expense involved in achieving a given separa- 
tion by a unit approaching an ideal cascade. 
Separative work can be expressed! as a func- 
tion of the concentrations of feed, waste, and 
product stream only, as indicated in Eq. 1. 


P=quantity of product, in pounds, 
produced without regard to 
time period 


where 
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Xp XpXy = assays of product, feed, and 
waste, as weight fraction U?* 
contained in a mixture of U2 
and y238 

1 = (2x —1)[In x/(1 — x)] 


Several facts can be stated! by examining Eq. 1: 


For an enriched product of assay x», the amounts 
of separative work and of feed required vary ac- 
cording to the tails assay. The lower the tails as- 
say the less the requirements for feed and the 
greater the requirements for separative work per 
unit of the enriched product. 

Uranium feed of any assay greater than the tails 
assay can be enriched in the cascade. Increasing 
the feed assay decreases the quantities of feed and 
separative work required for a particular enriched 
product. 

For a particular feed assay and tails assay, the 
higher the product assay desired the greater the 
amounts of feed and separative work required per 
unit of uranium in the product. 


The cost of the product can be written’ as 
follows: 


CpP =cFy+Cy Ap (2) 


where Cy,C;,c, = unit costs of product, feed, 
and separative work 
F =quantity of feed, in pounds, 
introduced without regard to 
time period 


From a material balance, 
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Substituting Eqs. 1 and 3 into Eq. 2 yields:* 
eat Xp — Xw 
Cp Cf (Z —Xw 
Xp — Xf Xp —Xy 
oe (BEd) (B= 


This equation can be rewritten into what is 
referred to as a standard cost equation as 
follows: 


CK 





Cp = Cy [t — 1, + Alxy —Xy)] (4) 


where 


Inspection of Eq. 4 indicates that the unit cost 
of product varies with the tails assay for fixed 
values of xp, Xf Cf and c,. Setting the deriva- 
tive of the unit cost of product with respect to 
tails assay equal to zero results in Fig. 1, 
wherein the tails assay for a minimum-cost 
product is plotted. As pointed out in refer- 
ence 1, the tails assay for minimum product 





*The relations of the equation may be illustrated by 
examination of the components of cost for fuel ofa 
specific enrichment. The tabulation below shows this 
breakdown, computed for two different product enrich- 
ments, 2 per cent U?*5 and 90 per cent U"5, for a fuel 
enrichment of 0.7115 per cent U**® and a waste enrich- 
ment of 0.221 per cent U5, The computed costs agree 
approximately with the AEC schedule. 


2% enrichment 90% enrichment 


Tp 3.74 2 


Xp— Xf 
ro(ae) 


- (23) —(4.87)(3.63) = —17.68 —(4.87)(183) = —891 


(6.09)(2.63) = 16.02 (6.09)(182) = 1108 











xf —Xw 

Ap//P 2.08 219 
37.29(Ap;/P) 78 8,167 

Xp — *w 
39.27 (39.27)(3.63) = 143 7,186 

ee 

Cost of prod- 
uct, $/kg 221 15,353 





w 


| 





RATIO OF UNIT COSTS OF FEED AND SEPARATIVE WORK (cgq) 
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Figure 1—Tails assay for minimum unit cost of 
product.! 


cost is independent of product assay but depends 
on the assay of feed and the ratio of the feed and 
separative-work costs. 

On Nov. 18, 1956, the AEC announced a 
schedule of charges for enriched uranium (re- 
viewed in the December 1957 issue of Power 
Reactor Technology, Vol. 1, No. 1, pages 1 and 
2; this schedule is consistent with a value of 
c = $39.27 per kilogram of uranium, and c, = 
$37.29 per kilogram of separative work. From 
Fig. 1 this implies an optimum tails assay of 
0.221 per cent, and the cost of enriched ura- 
nium can be back-calculated from Eq. 4 using 
this optimum value. 

The effects of sidestream withdrawals or 
additions are also considered in reference 1. 
The cases considered are: constant separative 
work and constant tails assay; constant feed 
rate and tails assay; and constant rates of 
separative work and feed. 

The burnup charge for the U?*® consumed in 
a reactor can be calculated from ideal-cascade 
theory.’ If x is the assay of U*** fed to the re- 
actor and c is the charge for the uranium at the 
specified assay, then c/x is the cost per gram 
of contained U?* at the initial assay and is 
equal to the unit burnup charge if all the U?*® 
is consumed. If very little of the U’* is con- 
sumed, the unit burnup charge is approximated 
by dc/dx, which can be obtained from the cost 
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equations presented previously. These approxi- 
mations are valid only if no conversion has 
taken place and if the uranium is valued on the 
same schedule of charges before and after 
irradiation. 

Reference 1 ends with a discussion of the 
blending of enriched uranium of different as- 
says. The same amount of uranium would be 
fed to the ideal cascade to produce the blending 
ingredients as to produce the final product 
directly in the cascade. The separative work 
required to produce the blending ingredients, 
however, is greater than that required to pro- 
duce the final product directly in the cascade, 
and this difference is equal to the separative 
work required to separate the final product 
back into the blending ingredients. Thus, if no 
other considerations apply, it is always cheaper 
to upgrade the enrichment of a particular batch 
of uranium by recycling it to the diffusion plant 
than by blending it with uranium of higher en- 
richment. However, if the fuel to be upgraded 
is in a chemical form other than UF, (the form 
used in the diffusion plant), then blending may 
lead to a net saving by eliminating the chemical 
conversion step (see the September 1958 issue 
of Power Reactor Technology, Vol. 1, No. 4, 
pages 20 and 21). Similarly, if natural uranium 
can be purchased in the open market at a price 
significantly below the $39.27 per kilogram on 
which the AEC price schedule is based, then it 
may be profitable to obtain slightly enriched fuel 
by blending more highly enriched material with 
natural uranium. 

From the point of view of the long-term fu- 
ture of nuclear fuel supplies, some obvious but 
nevertheless significant conclusions can be 
drawn, as follows: 

1. A significant fraction of U*** remains in 
the diffusion-plant tails. If the discharge en- 
richment is indeed 0.221 per cent, this amounts 
to 31 per cent of the U’** inthe natural-uranium 
feed if the product is highly enriched uranium. 
Unless there is a real demand for the product, 
it is not clear that there are obvious reasons 
for operating at the “optimum” tail assay. 

2. In any case, if the U?*® content of the tail- 
ings must be considered as “lost,” this loss 
represents a significant handicap to the basic 
fuel utilization by partially enriched reactors. 

3. Since the cost of fuel (natural uranium) 
apparently accounts for about half the cost of 
enriched fuel, any future rises in the cost of 
natural uranium, because of the depletion of 





high-grade ore deposits, will be strongly re- 
flected also in the costs of enriched fuels. 


Maximum Conversion Ratios 
in Thermal Reactors 


In the ultimate nuclear power economy, the 
basic nuclear fuel cost will depend upon the 
cost per pound of mining and extracting the 
natural nuclear fuel material and upon the 
average amount of energy extracted from each 
pound of natural fuel material mined. The 
reserves of uranium that can be mined at 
relatively low cost appear to be insufficient for 
a large-scale nuclear power industry unless 
the energy yield per pound of uranium mined is 
increased by a substantial factor above that 
currently obtained in nuclear fuel cycles. Such 
an increase in energy yield is doubly effective 
in extending the fuel supply, for it not only in- 
creases the amount of energy obtained from a 
given fuel reserve but it also effectively in- 
creases the reserve by making the use of the 
higher-cost uranium deposits economically 
practical. To increase the specific energy yield 
by a substantial factor appears to require that 
bred fissionable isotopes be recycledas reactor 
fuel and that relatively high average conversion 
ratios be attained throughout the power-reactor 
complex. These considerations have been re- 
viewed in the June 1959 issue of Power Reactor 
Technology, Vol. 2, No. 3, pages 1 to 11, and 
the March 1960 issue, Vol. 3, No. 2, pages 21 
to 29, and more recently further related dis- 
cussions have appeared in the literature.*-4 

Evidently, an important long-term question 
is how high the conversion ratio can be in the 
reactor types currently under vigorous de- 
velopment. Since fuel recycle appears to be 
needed for high fuel utilization, one desires to 
know, not simply the initial conversion ratio 
but the average conversion ratio over the fuel 
cycle. The important isotopes involved are not 
only the naturally available U** but also the 
bred isotopes of the plutonium or U** chains. 
Reliable estimates of maximum attainable con- 
version ratios in thermal reactors (especially 
in those of the solid-fuel types) have been very 
difficult because they require rather detailed 
considerations of the neutron energy spectrum 
in the thermal and near-thermal ranges and 
because they require similarly detailed knowl- 
edge of the heavy-isotope cross sections and 
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neutron yields over the same energy ranges. 
Although the information in these areas is still 
imperfect, it is adequate to justify estimates of 
maximum attainable conversion ratios. Two 
new estimates of this type are reported in 
references 5 and 6. 

Reference 5 iS a progress report which 
covers only the case of metallic uranium (U?*® 
plus U?*> at various enrichments) in H,O. The 
results, however, illustrate the main features 
of H,O-moderated systems in which U* is the 
fissionable isotope, and probably define, very 
nearly, the upper limits of attainable conversion 
ratios. 

For every neutron absorbed in U**, an av- 
erage number, 7°, of fission neutrons are 
produced. The net production of neutrons is 
n> —1, and, if there were no neutron losses, 
these neutrons could be absorbed in U"** to 
produce 7*°—1 atoms of Pu’*® for every atom 
of U?*® destroyed. A further effect enters, 
however, because fast neutrons in the reactor 
cause some fissions of U?**, and these fissions 
yield additional surplus neutrons whose pro- 
duction has not entailed the destruction of any 
u*. These neutrons from U?%8 fission are 
taken into account, in reference 5, by an ef- 
fective n for U5, (15) ore, defined as the total 
number of neutrons produced by fissions in 
u*55, augmented by the net number (v — 1) pro- 
duced in U?58, per neutron absorbed in U?**. It 
may be expressed in terms of a U?*® fission 
factor, €: 


25) 25 


(nett = 1°"€ 


and 


e=1 —e 
wy 





628 


where 6° is the ratio of the number of fissions 
in U?5* to the number in U* and 7 is the aver- 
age number of neutrons produced per fission. 
The quantity (n°). — 1 is equal to the maxi- 
mum conversion ratio that could be attained if 
there were no neutron losses by leakage or by 
absorption in nonfuel materials. 

The value of (n?°).s, depends upon the ura- 
nium-to-H,O ratio, the enrichment, and, to some 
extent, the fuel geometry. The latter effect 
was not investigated in the work reported,° 
which considered lattices composed of 0.600- 
in.-diameter rods; but only large changes in 
geometry are likely to be important. 


The U’*® fission factor e is most sensitive to 
to the uranium-to-H,O ratio because it is a 
fast-neutron effect, and for high ratios it makes 
an important contribution to the excess neu- 
trons. On the other hand, the capture-to-fission 
ratio (a) for U?*® is, on the average, higher in 
the low epithermal energy range than in the 
thermal range. Consequently n** decreases as 
the ratio of absorption to moderation increases, 
i.e., whenever either the uranium-to-H,O ratio 
or the enrichment is increased. Figure 2 shows 
the values of €, 7°, and (n*)o¢¢ computed in 
reference 5 for 2 per cent enrichment, as 
functions of uranium-to-H,O ratio. It is evident 
that the increase ine, as uranium-to-H,O is 
increased, more than compensates for the de- 
crease in 7°. The very important net effect of 
enrichment is shown in Fig. 3, reproducedfrom 
reference 5. 

Any parasitic neutron absorption, of course, 
wastes neutrons and lowers the actual con- 
version ratio below the maximum represented 
by (n?) ore - 1). 

Although the quantity (7°) or — 1 determines 
the maximum fraction of neutrons available for 
conversion, the actual conversion ratio in a 
given lattice is determined by the ratio of ab- 
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Figure 2—Variation of components of (n°) ett with 
uranium-to-water ratio.’ (Values of components are 
computed for 2 per cent vu? enrichment.) 
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Figure 3—Effect of enrichment on (n”>).¢¢ in uranium 
metal —water lattices. 


sorption in U?** to absorption in U**5. Figure 
4 gives the actual (computed) conversion ratios, 
for fuels of four different enrichments, as 
functions of uranium-to-H,O ratio. The curves 
rise continuously with uranium-to-H,O ratio. 
However, the requirement of criticality defines 
the combinations of enrichment and fuel-to- 
water ratio that can be used in a self-sustaining 
reactor. The dashed curves have been drawn 
in to show these combinations in terms of 
ko, the infinite multiplication factor. These 
curves take into account the neutron absorption 
by H,O (disadvantage factor neglected) but do 
not consider other parasitic absorbers. It is 
evident that, if infinitely large reactors could 
be built containing only metallic uranium and 
H,O (k,. =1.0), quite high conversion ratios 
might be expected. Actual reactors will lose 
neutrons to leakage, to structural materials, 
to fission products, and perhaps to control 
elements, and the neutron economies of the 
best of them will probably lie somewhere in 
the region bounded by the curves k,.. = 1.1 and 
ko =1.2. This range, of course, extends from 
rather unexciting conversion ratios of perhaps 
0.75 to quite high ratios near 1.0. The case 
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Figure 4—Conversion ratio for uranium metal— 
water lattices.5 (The dashed curves of constant ko 
have been added by the editors of Power Reactor 
Technology from other data in reference 5.) 


will be somewhat poorer for reactors using 
oxide fuels since the fractional U’* fission will 
be lower, and the parasitic neutron losses will 
probably be higher, at a given value of 77°. 
Fundamentally, the important result of the 
study’ is the conclusion that the value of 
(n”>).¢¢ may be as high as about 2.25 for metal- 
lic fuel over a range of enrichments and 
uranium-to-H,O ratios consistent with the at- 
tainment of a usable reactivity level. Also 
worthy of note is the result (Fig. 4) that, for a 
given value of k,,, the conversion ratio is not 
extremely sensitive to uranium-to-H,0 ratio. 
Reference 6 extends the work of Chernick* 
and Chernick and Moore,’ on the potential 
breeding ratios of thermal reactors fueled with 
u?33, to include the effects of higher isotopes 





* Reviewed in the March1960 issue of Power Reac- 
tor Technology, Vol. 3, No. 2, in connection with the 
October 1959 Conference on the Physics of Breeding.® . 
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and fission products, and considers also the 
case of reactors fueled with plutonium. 

In considering the effects of the higher iso- 
topes, the fuel composition corresponding to 
the equilibrium recycle case, with no process- 
ing losses, was assumed. In the U’** cycle, no 
absorptions in isotopes higher than U?** were 
considered. In all cases the moderator was 
assumed to be at room temperature. The de- 
gree of moderation of the neutron spectrum 
was considered in terms of the ratio of the 
slowing-down power (£2,) to the atom density 
of the initial fissionable isotope (N23 or N4). 
The primary fertile isotope (Th?” or U?**) was 
not considered to be present in the chain- 
reacting system; the practical case correspond- 
ing to the calculation would be that in which the 
conversion would take place in a blanket. 


Table II-1 summarizes the results* of the 
breeding-ratio estimates for the U*** cycle, 
with D,O and H,O moderators, and the effects 
of neutron capture by Pa’*? and fission prod- 
ucts. Beryllium and graphite are also con- 
sidered as moderators in reference 6. In Table 
II-1 the breeding ratio (B.R.) refers to the 
number of neutrons available for conversion 
per fissionable atom destroyed, when the losses 
to the moderator are deducted, i.e., B.R. = 
(net neutron production by fission — neutron 
absorption in moderator)/(neutron absorption 
in all fissionable isotopes). The quantity B.R. 
is the change in breeding ratio caused by the 
effect in question. In the case of absorption by 
Pa?" the effect, for a given neutron energy 
spectrum, is proportional to the thermal-neu- 
tron flux, or, if the Pa’** is mixed with U**?, to 


Table H-1 CALCULATED BREEDING CHARACTERISTICS FOR U**> cYCLE® 





Moderating ratio 
(E Zs/No3) 1000 
Breeding ratio with 
D,O moderator for: 
Pure U?% 1.212 
y233 plus higher isotopes 1.151 
Breeding ratio with 
H,O moderator for: 


Pure U233 1.199 
u*55 plus higher isotopes 1,141 
AB.R. by Pa23s 


absorption for: 


Resonance integral = 900 b —0.108 P/M 

Resonance integral = 1200 b —0.146 P/M 
AB.R. by absorption in 

saturating fission products for: 

P/M =1 —0.045 

P/M = 10 —0.060 
AB.R. by absorption in non- 

saturating fission products —0.26 B 


2000 5000 10,000 

1.240 1.259 1.262 

1.198 1.228 1.234 

1.200 1.139 1.007 

1.162 1.116 1.000 

—0.061 P/M —0.030 P/M —0.021 P/M 

—0.079 P/M —0.033 P/M —0.024 P/M 
—0.053 
—0.063 
—0.08B 





The presence of the higher isotopes in the 
u’83 case causes an appreciable reduction in 
the breeding ratio, although the ratio remains 
above unity for D,O, H,O, beryllium, and graph- 
ite moderators when the only neutron losses 
are to absorption in the moderator. Resonance 
absorption was found to be important in the 
cases of absorption by Pa’** (the intermediate 
product, with 27-day half life, between Th? 
and U**%) and the long-lived fission products; 
the losses in breeding ratio due to these ab- 
sorptions were consequently affected strongly 
by the degree of moderation. 


the specific power, P/M, in megawatts per 
kilogram of fissionable isotope. The loss to 
the nonsaturating fission products is propor- 
tional to the average fractional burnup, B, of 
the fuel in the equilibrium reactor. 

In addition to the effects listed in Table II-1, 
Levine® points out that there is a contribution 
to the breeding ratio from fast-neutron fission 
of U’*4. He estimates that this contribution 





* Tables II-1 and IJ-2 are adapted from data given® 
in Nuclear Science and Engineering. 


FUEL CYCLES 





Table II-2 CALCULATED BREEDING CHARACTERISTICS FOR Pu2® CyCLE® 





Moderating ratio 


(E Z5/N 49) 
Breeding ratio with D,O 
moderator for Pu?*® 


higher isotopes: 


plus 


Breeding ratio with H,O 
moderator for pure Pu38 
Breeding ratio with H,O 
moderator for Pu’*® 
higher isotopes: 


plus 


AB.R. by absorption in sat- 
urating fission products for: 

P/M =1 
P/M = 10 

AB.R. by absorption in nonsat- 
urating fission products 

AB.R. due to fast fission in 
Pu’? when H,O is the 
moderator 





may amount to 0.024 for H,O moderator at 
£D;/N3 = 1000. The contribution will be less 
for other moderators and for higher moderating 
ratios. 

In the case of the Pu*® cycle, the breeding- 
ratio estimates are less certain owing to un- 
certainties in the values of 7 for Pu?*? and 
Pu‘! and to the greater sensitivity of 74, to the 
details of the thermal-neutron spectrum: The 
results of the calculations for this cycle are 
summarized in Table II-2 for extreme values 
of a,, in the resonance energy region. 

From these studies it would appear that the 
characteristics of the U?*? cycle are favorable 
for the attainment of a significant breeding gain 
in a fluid-fuel reactor designed to minimize 
losses by neutron absorption in structural ma- 
terials, fission products, and Pa’*. The eluci- 
dation of the question of whether a positive 
breeding gain can be achieved is, of course, 
the main objective of reference 6. As to the 
question of how high the average conversion 
ratio can be in reactors of the types currently 
going into commercial use, it appears that, 
although the principles involved are well under- 
stood, a comprehensive answer, even within the 
limits imposed by existing uncertainties in 


physical constants, will require a rather large 
amount of detailed analysis. 

The proceedings of a British symposium on 
fuel cycles are contained in reference 10. The 


2000 5000 10,000 
0.77 0.82+ 0.82— 
0.85— 0.85+ 0.84 
0.77 0.79+ 0.79+ 
0.76 0.80 0.78 
0.85 0.81 0.78 
—0.044 —0.048 
—0.057 —0.061 
—0.132 B —0.046 B 
0.021 0.008 





cycles considered are mainly once-through 
cycles for the graphite-moderated gas-cooled 
reactors, but within this limited area the 
coverage is rather comprehensive, including 
practical, as well as theoretical, considerations. 
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Flux Hardening Effects 


The effects of “hardening” of the thermal- 
neutron spectrum within the fuel of a heteroge- 
neous reactor are treated analytically in refer- 
ences 1 and 2. Theneutron spectrum is assumed 
Maxwellian in the moderator; the 1/E tail that 
should be appended to the Maxwellian flux dis- 
tribution was omitted in both analyses in order 
to simplify the problem. 


Reference 1 treats explicitly the case of a fuel 
rod surrounded by moderator in cylindrical 
geometry and makes use of the diffusion-theory 
approximation. The neutrons are treated as a 
single group of Maxwellian distribution with the 
same temperature everywhere inthe moderator. 
This implies that the neutrons leaving the fuel 
assume at once the Maxwellian spectrum of neu- 
trons far from the fuel. Within the fuel, the neu- 
trons are treated as a continuum of independent 
groups, each group having a spatial distribution 
within the fuel given by 1)(K;r). Here r is the 
distance from the center of fuel rod, and K; is 
the reciprocal of fuel diffusion length, which is 
energy-dependent. At the fuel-moderator inter- 
face,.the boundary conditions used are: (1) con- 
tinuity of inward current for each energy group 
and (2) continuity of the integral over energy of 
the outward current. The diffusion-theory solu- 
tion leads directly to an expression for thermal 
utilization which includes a self-shielding factor 
7 containing all the effects of flux hardening. In 
the case of the usual one-group representation 
of the thermal neutrons (of a single energy E = 
4T/n in a 1/vabsorbing medium), the self- 
shielding factor 7 reduces to the usual expres- 
sion 


(Kya) Iy(Kja) 


0 =~ 21,(Kja) 
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where a is the fuel-rod radius and K; = K;(47/7). 
Another form of 7 (designated by 7,) is given for 
comparison and is that employed by Plass in a 
calculation (on spheres) reviewed by Weinberg 
and Wigner.® 

The results of calculations are presented for 
two representative cases of metallic uranium 
rods (natural and 3.5 per cent enrichment) in 
graphite. In both cases the effect of flux harden- 
ing, as indicated by the self-shielding factor 7 
derived in reference 1, is to reduce the thermal 
utilization by about 0.6 per cent. Use of the n, 
correction employed by Plass results in only 
about a 0.16 per cent reduction. Since the n, 
correction is based on the assumption that neu- 
trons diffuse with no moderation, in either the 
fuel or the moderator, from a Maxwellian 
source in the moderator, it is expected that the 
actual result is between the two results basedon 
n and 7. 

Reference 2 presents a generalized study of 
the hardening effects induced through various 
thicknesses of a 1/v type absorbing slab. Both 
the normal incidence and the isotropic incidence 
of a Maxwellian spectrum on one side of the 
slab are considered. Transmission curves are 
calculated, as measured by the reaction rate of 
a 1/v detector or by the following important 
non-1/v reaction rates: fission of Pu*‘!, fission 
and absorption of U*> and Pu’’’, and absorption 
or activation in cadmium, indium, samarium, 
gadolinium, and lutetium. 

The detailed but rather straightforward cal- 
culations were performed on a digital computer, 
and the results comprised a set of some 1400 
numbers which are analyzed in reference 2 to 
reduce them to some systematic effect. The 
results include: (1) the reaction rate in the de- 
tector, (2) the flux depression factor, which is 
the fraction of neutron density remaining after 
passage through the absorbing slab, and (3) the 
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form of the spectrum after passage. In addition, 
these results yield, for the hardened neutron 
spectra, the effective cross sections of the de- 
tector reaction rates studied. 

The results were first examined with the 
usual view of treating the hardening effect as 
equivalent to an increase in the neutron tem- 
perature. It is concluded that the raised tem- 
perature approximation is a very poorone. The 
final analysis adopted was to express the quantity 
(6,,/G,,) - 1 as a double polynomial in T and ¢ 
by least-squares fitting to a nine-coefficient 
formula. Here 6), and 6,, are the effective cross 
sections for a Maxwellian and a hardened spec- 
trum, respectively; T is the temperature of the 
Maxwellian spectrum incident on the absorbing 
slab; and ¢ is the flux depression factor previ- 
ously defined. The nine coefficients are listed 
for each reaction for both normal and isotropic 
beam incidence. In order to illustrate the hard- 
ening effects obtained, some typical curves re- 
lating 6,,/6,, to t are presented for the several 
reactions studied. A table is presented relaving 
t to the absorber thickness parameter K, which 
is a generalized parameter including thickness 
and the 2200 m/sec absorption cross section of 
the 1/v absorbing slab. However, in view of the 
approximations involved, as, for example, the 
neglect of scattering effects in the absorber and 
the use of a specific absorber geometry, it is 
expected that better estimates of &,, can be ob- 
tained from the flux depression factor. The flux 
depression factor could be obtained from meas- 
urements or from a refined and reliable theory 
rather than for the specific geometry (without 
scattering) used in the analysis in reference 2. 
This procedure would imply that the relation 
between hardening effects and flux depression 
factor is more nearly preserved, irrespective 
of the geometrical factors and of whether or not 
scattering processes are considered. 

An example is givenin reference 2 illustrating 
the application of the results to the case ofa 
two-sided fuel element inthe reactor. Anatural- 
uranium element, in which a small amount of 
plutonium has been formed, is treated, and a 
plot is obtained of the variation of the fission 
cross section of the Pu?** through the thickness 
of fuel. The fission cross section at the center 
of the slab turns out to be 2.9 per cent above 
the value for the unperturbed Maxwellian. Fac- 
tors of this magnitude can he quite important in 
the calculation of burnup limits due to reactivity 
loss in fuel. 


Resonance Absorption and 
Doppler Temperature Coefficient 


Experimental and analytical determinations of 
the Doppler temperature coefficients for the 
effective resonance integrals of U?°* and Th? 
are covered in references 4 to 7. The varia- 
tions of the coefficients with fuel temperature 
and surface-to-mass ratio are also covered. 
Reference 4 reports measurements made with 
the DIMPLE pile oscillator on bars of U?*® and 
Th’, of various diameters, at various tem- 
peratures up to 270°C; the Doppler coefficient 
values indicated by the measurements are com- 
pared with the available data. The relative con- 
tributions to the Doppler coefficient of the 
volume and surface effects were obtained by 
activation measurements, as described in refer- 
ence 5, and were shown to be in reasonably 
good agreement with theoretical considerations. 
Monte Carlo calculations for the U** Doppler 
coefficient are described in reference 6 andare 
shown to give reasonably good agreement with 
the results of reactivity measurements. Dis- 
crepancies in the U’** Doppler coefficient as ob- 
tained from activation measurements and from 
reactivity measurements still exist; the activa- 
tion experiments generaliy give results about 
half those obtained from the reactivity measure- 
ments. Theoretical considerations suggest a 
1//T dependency of the U?*® Doppler coefficient 
with temperature. This variation is indicated by 
the experimental data of reference 7 andalso by 
the Monte Carlo results in reference 6. The 
important details of the Doppler coefficient de- 
terminations described in references 4 to 7, in- 
clusive, are summarized below. 


The samples studied‘ with the DIMPLE pile 
oscillator varied in diameter from 0.230 to 
0.976 in. in the case of uranium and from 0.230 
to 0.612 in. in that of thorium. The bars were 
enclosed in an aluminum furnace and were 
heated electrically, steps being taken to keep 
the moderator from becoming heated when hot 
bars were oscillated. After suitable corrections 
were applied for empty furnace effects, for 
moderating effects of the bars and thermal-flux 
depressions in the bars, and for slight varia- 
tions in the daily aluminum substandard meas- 
urements, the quantity observed in the measure- 
ments was dgs,/dt. The effective cross section 
Leff 18 given by the Westcott formulation® as 





REACTOR PHYSICS 13 


where >, = resonance integral above 1/v 
2 y = Maxwellian cross section 
y =epithermal index defined by West- 
cott® 
T = neutron temperature 
= temperature of the bar 
Ty = 293°K 


The value of r/T/T, was determined in the 
middle of the empty furnace by irradiation of 
thin gold foils, bare and cadmium covered. The 
quantity d=,, /dt is shown to be negligible in the 
measurements, and therefore the Doppler coef- 
ficient may be inferred as 


1 [nT, dXere 
Z, V4T di 


where 2, must be obtained from the various 
published formulas. The formula of Hellstrand® 
was used for the uranium bars; the information 
for thorium is rather scarce and at variance 
and hence required an averaging ofthe > , values 
given by the various available formulas and 
measurements. 

A graph of inferred Doppler coefficient versus 
surface-to-mass ratio for uranium-metal bars 
shows a tendency to increasing Doppler coeffi- 
cient with increasing surface-to-mass ratio. 
The experimental accuracy did not permit this 
to be done for thorium. The accuracy of the ex- 
periments and the limited temperature range 
investigated did not permit determination of the 
temperature dependency of the Doppler coeffi- 
cient. Reasonably good agreement was obtained 
with the Doppler coefficients for uranium metal, 
as measured by reactivity methods by Davis!®'! 
and by Adyasevich et al.,” and with the activa- 
tion measurements of Egiazarov.'® There ap- 
pears, however, to be a marked discrepancy be- 
tween the results obtained by reactivity methods 
and the Doppler coefficients determined by 
Rodeback" and Pearce,°* which were obtained by 
activation experiments under cadmium. Within 
the experimental errors, the results for thorium 
are in reasonably good agreement with three 
values quoted by other workers,>:'4:!5 which in- 
clude two by the activation technique. 

Reference 5 describes activation experiments 
to study the radial dependence of the Doppler 
effect in uniformly heated 1-in.-diameter bars 


of uranium and thorium. A theory is developed 
which satisfactorily describes the fractional 
changes in reaction rate, with bar temperature, 
near the surfaces of the samples. 

In the experiments two identical samples of 
uranium (or thorium) metal were irradiated 
simultaneously under cadmium in GLEEP with 
a constant temperature difference maintained 
between the samples. The samples were in 
similar furnaces and contained foils similarly 
exposed. The irradiations were made at the 
center of GLEEP in a square empty channel 
wherein the flux gradient was essentially zero. 
In addition, the samples and furnaces were 
mounted parallel to the channel axis, 5cm either 
side of the axis, and were rotated about this 
axis during the irradiation. These steps ensured 
that the hot and the cold samples received the 
same irradiation. 

The sample consisted of two cylindrical pieces 
(made up as two cylindrical halves of a bar). 
The activation in the main body of the cylinder 
was measured by a Single foil (depleted uranium 
or thorium) pressed in between the two halves, 
and the region close to the surface was meas- 
ured by a stack of foils placed on the flat end. 
The 22.12-min beta decay of Th’*? and the 23.5- 
min beta decay of U*°® were measured. Brass 
masks sufficiently thick to stop the beta parti- 
cles and having several different apertures 
were used to obtain some radial resolution of 
the volume activation. The activations of the 
foils stacked on the flat end were usedto derive 
the radial dependence near the surface. For this 
purpose, a special irradiation using a foilonthe 
curved surface was made to normalize the sur- 
face activation obtained with the foils stacked 
on the flat end. Corrections were made for 
fission-product activity (~1.6 per cent, inde- 
pendent of fuel temperature), and extreme care 
was taken to minimize systematic errors. 

Epicadmium-activation data points are plotted 
as a function of penetration into the uranium (or 
thorium) bar at ambient temperature. Also 
plotted as a function of radius is the percentage 
increase in the epicadmium activation per atom 
caused by heating the bar, or 100A/,//,, where 
I, is the effective resonance integral per atom 
including the 1/v epicadmium contribution and 
Al, is the change due to heating. The Doppler 
effect consists of a volume effect which is con- 
stant, within the experimental error, through 
the rod, and a superimposed surface effect which 
penetrates less than 0.5 mm in uranium and ex- 
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tends to a depth of approximately 2 mm for 
thorium. 

The Doppler coefficients averaged through the 
bar with the 1/v contribution included were ob- 
tained as (0.90 + 0.17) x 10-4/°C for uranium and 
(2.71 + 0.15) x 10-4/°C for thorium. For ura- 
nium, Rodeback" obtained the value (0.8 + 0.2) x 
10~*/°C using an activation method. As previ- 
ously discussed, values obtained by reactivity 
measurements are higher by a factor of approxi- 
mately 2. For thorium, Rodeback" obtained the 
value (2.0 + 0.3) x 1074/°C by activation experi- 
ments, and Davis'® obtained the value (2.3 + 
0.2) x 10-4/°C by reactivity measurements; here 
the agreement is reasonably good. With the 1/v 
contribution subtracted out, the Doppler coeffi- 
cients obtained in reference 5 are determined 
as 1.0 x 107~4/°C for uranium and 3.8 x 10-4/°C 
for thorium. Because of the uncertainty in the 
value of the effective resonance integral for 
thorium and the relatively large 1/v contribu- 
tion, the value determined for thorium may be 
in appreciable error. 

A theory is developed in reference 5 for the 
surface term on the basis of which predictions 
of the radial variation of the Doppler coefficient 
near the rod surface are made. The agreement 
between theory and experiment is quite satis- 
factory. A prediction is also made for the vol- 
ume effect, basedon the temperature dependence 
of the effective resonance integral derived by 
Dresner,'® which is also in reasonably good 
agreement with the experimental results. A 
brief discussion of the theory developed in ref- 
erence 5 is given below. 

Reference 5 distinguishes three types of Dop- 
pler effect, depending on the neutron spectrum. 
That designated as type 2, of main interest in 
the report, considers only those neutrons which 
have not had a potential scattering event in the 
lump. Neutrons are considered to impinge on a 
lump with a single resonance; the manner in 
which the neutron spectrum within the lump is 
depleted is calculated as a function of the pene- 
tration parameter p =Z/ A» and of the Doppler 
width parameter ¢=(A/I)*. Here Z is the dis- 
tance into the lump, A, is the mean free path at 
the resonance energy, A = 2(E,kT/A)” is the 
“Doppler width,” and I is the total width of the 
resonance. The lump is assumed to be atacon- 
stant temperature, andthe potential scattering is 
taken to be zero. An attempt is made to include 
the effect of resonance scattering andthe broad- 
ening of this scattering in the neutron-spectrum 


depletion calculations. For this, two models are 
adopted: one based on a one-collision process, 
the other on a many-collision process. Each of 


the resolved resonances of U?** and Th?” is as- 
signed to one or the other of these two models 
by considerations involving their capture and 
scattering widths and the probability of a scat- 
tered neutron being degraded out of the reso- 
nance. These considerations are included inthe 
formulation by appropriate modification of A, 
for each resonance according to the model as- 
signment. The effect of resonance scattering is 
to introduce extra attenuation of the incoming 
beam but does not change the main features of 
the type 2 effect. 


From considerations of the spectrum depletion 
obtained with penetration distance into the lump, 
self-shielding factors are determined by nu- 
merical integration, and they are plotted versus 
p for various values of ¢ for asingle resonance. 
The effective absorption integral, /’(p,t), for one 
resonance is given by the product of J../m and 
the self-shielding factor, where /,, is the infinite 
dilution resonance integral and the factor 1/7is 
included for normalization. Curves are given, 
for a single resonance, of /’(2t)/I'(t) versus p 
for various values of ¢. A curve for a givent 
value gives, as a function of the penetration 
parameter p, the ratio of the activation within 
the resonance at Kelvin temperature 27 to the 
activation at temperature T. The curves exhibit 
the characteristic peaks seen in the experi- 
ments; the peaks occur close to, but inside, the 
surface of the samples. 


In making the predictions based on the theory 
developed in the report,’ the total activation was 
taken to be the sum of the contributions from 
the resolved resonances plus the epicadmium 
1/v contribution. The incident flux was assumed 
isotropic, and the calculation was done for a 
slab geometry with the resonances being as- 
signed to either a one-collision or a many- 
collision model. The agreement with the ex- 
perimental peak is satisfactory in view of the 
simplifications in the model and the uncertainty 
in the resonance parameters. 


In the type 3 Doppler effect, the slowing-down 
spectrum in a homogeneous medium with poten- 
tial scattering is considered. This effect pre- 
dominates at the center of the 1-in.-diameter 
fuel rods. The experimental values are con- 
sistent with Dresner’s theoretical predictions'® 
on the type 3 effect. 
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Reference 6 describes the machine programs 
written for a Monte Carlo study of resonance 
absorption in reactor lattices. The reference 
includes the results of calculations of the ef- 
fective resonance integrals for the Calder Hall 
lattice at three different temperatures (300, 
900, and 1500°K). They show that the Doppler 
coefficient averaged over each temperature 
range, 300 to 900°K and 900 to 1500°K, is not 
constant with temperature. The variation ob- 
tained suggests a temperature dependence of 
the coefficient even greater than the 1/ VT re- 
lation that has been proposed by various inves- 
tigators. 

Measurements of the fuel temperature coeffi- 
cient of reactivity have been reported’ for a 
seven-rod cluster of 1.8 wt.% enriched uranium 
dioxide with air coolant. The investigation is in 
support of the design of the gas-cooled graphite- 
moderated reactor (EGCR). The PCTR tech- 
nique for measurement of the temperature co- 
efficient of F&., is described in reference 17. 
Each fuel rod of the seven-rod cluster in the 
central test lattice contained its own internal 
heat source. The heat source was provided by 
mounting the hollow UO, pellets (ID = 0.323 in., 
OD = 0.705 in.), which made up each fuel rod, 
on an electrically insulating rod and installing 
Nichrome heating wires in the insulating rod. 
The mounted pellets were placed in a 304 
stainless-steel tube and were plugged with a 
thermal-electrical insulator at each end. Per- 
forated disks of thermal-electrical insulation 
supported the rods at each end and governedthe 
rod spacing. The seven-rod cluster was as- 
sembled inside a lined graphite sleeve, the 
lining being a °/,-in.-thick layer of lampblack 
insulation confined in place by a 0.003-in.-thick 
aluminum cylinder secured to the sleeve. The 
lampblack minimized the heat leakage from the 
fuel. Iron-constantan thermocouples were used 
in the test section to determine the temperature 
variation in the fuel cluster and to determine an 
average fuel temperature. Temperatures were 
also measured in the graphite immediately ad- 
jacent to the lampblack insulation layer, and 1 
in. radially outward from the surface of the 
graphite sleeve, indicating the surrounding mod- 
erator temperature. 

Heating of the test section resulted in a de- 
crease in reactivity of the PCTR, as determined 
by gradual withdrawal of a calibrated control 
rod to maintain criticality. After appropriate 
corrections, the change in PCTR reactivity was 


plotted versus change in fuel temperature; the 
fuel temperature range covered in the experi- 
ments is 50 to 500°C. The change in average 
temperature of the graphite sleeve, which is an 
indication of the heat loss to the graphite mod- 
erator, was also plotted as a function of fuel 
temperature. Two heating cycles (42 and 65 
min), which differed only in the time needed to 
reach the maximum fuel temperature, were run. 
The two sets of data display nearly the same 
negative slope of PCTR reactivity versus fuel 
temperature, although differences begin to ap- 
pear at about 320°C and increase with further 
increase in temperature. Because ofthe shorter 
heating time and, consequently, a lower proba- 
bility of moderator heating, the 42-min run was 
used in the analysis of the experiment. From a 
multiple least-squares analysis of the data and 
an experimentally determined normalizing fac- 
tor for the test lattice, the change in resonance 
escape probability with fuel temperature was 
determined. On the basis of a measured room- 
temperature value of resonance escape proba- 
bility (p) = 0.824 + 0.006), the change in the ef- 
fective resonance integral withtemperature was 
found to be 


g 


: = = (1.00 + 0.11)[(1.87 + 0.05) x 10~ 


4 |= 


t 


— (1.74 + 0.25) x 107*T (°C) 
+ (4.58 + 0.68) x 1077? (°C)] 


Data taken during a 122-min heating cycle 
with the lampblack insulation removed yielded 
results that differ from those quoted by as much 
as 20 per cent. The large difference is attributed 
to moderator heating quite far out into the sur- 
rounding graphite. 

Extrapolation of the temperature-dependent 
equation much beyond the 500°C limit of the ex- 
perimental data is not expected to yield accurate 
results. Two expressions that may give more 
realistic values, depending on the extrapolation, 
are 


= = 2.49 x 10 exp[-1.02 x 107 (°K)] 
or 
1dz_ —3-p-0.480 (0% 
5 gp 7 2:90 x 107 (°K) 
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The latter form of the equation is indicated by 
theoretical considerations. 


Reference 18 describes experiments per- 
formed to measure the ratio of surface-to- 
volume activation by resonance neutrons in a 
uranium-metal rod. The uranium oxide coated 
aluminum foils that were used had an equivalent 
uranium-metal thickness of 0.06 mil. The ura- 
nium was depleted to 5 ppm U”**. Two foils 
were attached to the fuel-rod surface, and two 
more foils were placed inside the fuel rod. This 
was accomplished by @rilling a hole through the 
fuel rod along a diameter and then stacking 
uranium-metal foils through the hole, the ura- 
nium oxide coated foils being positioned 0.010 
in. on either side of the center line. 


The 74-kev gamma activity from the decay of 
u?5° was counted. Determination of the amount 
of uranium on the aluminum foils was accom- 
plished by alpha counting and by the irradiated 
activities normalized using these values. Cor- 
rections were applied both for the U*® fission- 
product activity in the presence of the 74-kev 
gamma activity and to eliminate the 103-kev 
gamma activity due to the decay of the excited 
states of Pu’*®. Irradiations were repeated with 
the inside and surface foils interchanged. Three 
sets of four foils were used, thus giving six in- 
dependent determinations which were averaged. 


Measurements were made to extend the spa- 
tial distribution of resonance neutron captures 
(originally reported in reference 19) to the sur- 
face. For this specific case, the surface-to- 
volume activation ratio was obtained as 8.9. 
Reference 20 gives results of measurements of 
lattice interaction effects on U*** resonance 
capture for three fuel rods (uranium metal, 
high-density UO,, and low-density UO,) and for 
three different lattice spacings (an isolated rod, 
and water-to-uranium ratios of 2.4 and 1). The 
change in the surface-to-volume activation ratio 
due to lattice interaction effects is the same for 
the three different rod densities. Furthermore, 
the measured change agrees well with that indi- 
cated by the Dancoff integral which gives the 
change in surface capture of “black neutrons” 
with lattice spacing. It is hence concluded that, 
under the range of conditions investigated, 
lattice interaction effects at rod center are 
small enough to be masked by the experimental 
uncertainty. 


Thermal -Neutron 
Diffusion Parameters 


Measurements on the diffusion length of 
thermal neutrons in water at temperatures up 
to 296°C are reported in references 21 to 23; 
also given in reference 22 are the results of 
measurements in Dowtherm A from 20to 180°C. 
An Sb'?4-Be source emitting predominantly 25- 
kev neutrons was used in the measurements re- 
ported in references 21 and 23. The source 
neutrons slow down to thermal energies with 
a characteristic relaxation length in room- 
temperature water of 1.58 cm, whereas the 
thermal-diffusion length is 2.8 cm. Since both 
increase inversely with water density, the ther- 
malization length remains shorter than the 
diffusion length at the higher temperatures. 
Hence, at large distances from the source (rela- 
tive to the relaxation lengths), the neutron- 
attenuation process is essentially characterized 
by the thermal-diffusion length. Foil measure- 
ments made in water within a pressure vessel 
were used to obtain a semilog plot of the prod- 
uct of foil distance and foil activity versus foil 
distance. The negative slope of the straight line 
fitting the data points (least squares) gives the 
thermal-diffusion length. Corrections to the foil 
data were applied for internormalization based 
on foil weight and for the effect of one foil on 
the activity of the next in line. The possible ef- 
fect of the epithermal source on the thermal- 
flux distribution at the distances from the source 
used in the foil measurements was considered; 
it was concluded that the source correction, 
which would decrease slightly the values ob- 
tained, is probably less than the quoted error. 


In reference 21 it is shown that the data may 
be represented by either of two fairly simple 
approximations for the variation of the transport 
cross section of water withneutronenergy. The 
one approximation is to take the variation as 
proportional to 1/v; the other approximation is 


that due to Radkowsky.”4 Reference 23 also com- 
pares the measured diffusion lengths with those 
obtained by the Radkowsky prescription. 


The thermal-neutron diffusion parameters in 
water and Dowtherm A, as measured using the 
pulsed-source technique, are given in reference 
22 over the temperature range 22 to 80°C for 
water and 20 to 180°C for Dowtherm A. From 
the results, it is concluded that the thermaliza- 
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tion properties of Dowtherm A are alittle better 
than those of water. 

In reference 25 the elastic scattering of slow 
neutrons from the water molecule is calcu- 
lated by considering the molecule as a rigid 
asymmetric rotator, following the method of 
Goryunov.”* The partial scattering from each 
rotational state is calculated separately, since 
the incident neutron energy considered is of the 
same order of magnitude as the rotational level 
separation. 

It is shown that, in taking the thermal average 
at T=300°K, the contribution to the elastic 
scattering from rotational states with quantum 
number j = 4 is not negligible, as has been sup- 
posed by Goryunov. This is true also for the 
total scattering, which was calculated for just 
one incident neutron energy: 0.0006 ev. The 
reasons for choosing such a low value were: 
(1) with so little neutron energy, there is hardly 
any absorption of energy by the molecule; tran- 
sitions from a given initial state to all higher 
energy states are excluded except for one or two 
exceptional cases where the levels are closer 
than 0.0006 ev; hence the number of final states 
is decreased to a large extent due to conserva- 
tion of energy; (2) some computational simplifi- 
cations are possible; and (3) this is the lowest 

-energy for which the experimental value (260 
barns) of the scattering cross section is availa- 
ble. A systematic calculation of nearly 250 
partial cross sections was made, and the final 
results after thermal averaging are presented 
in tabular form. The calculational results indi- 
cate a total scattering cross section of about 
290 barns at T =300°K for the 0.0006-ev neu- 
tron energy. It is conjectured that the discrep- 
ancy between calculated and experimental values 
is due to the neglect of zero-point vibrations of 
the nuclei around their position of equilibrium. 
It has been found that the cross section for 
scattering from a rigid-static (nonrotating) H,O 
molecule is reduced by 7 per cent when, instead 
of considering the moiecule as rigid, one allows 
for the zero-point vibrations of the nuclei. 


Power Distributions 
in H,O-Moderated Lattices 


Reference 27 reports several detailed meas- 
urements of neutron-flux distribution in lattices 
used for the Yankee critical experiments and 
compares their results with those calculated by 





several different techniques. Flux peaking and 
power peaking were measured at a water slot 
which bisected a cylindrical core along a di- 
ametral plane, and power density distributions 
were measured along selected radii of another 
cylindrical assembly containing, alternatively, 
cruciform control rods or cruciform rod fol- 
lowers. The best of the calculation methods 
gave good agreement with experiment except 
near the control rods, where the discrepancy 
was attributed to underestimation of the epi- 
thermal neutron absorption by the rods. 

The calculational scheme that gave the best 
agreement with experiment consistei of a two- 
group or four-group diffusion-theory calcula- 
tion, in one dimension (WANDA) or two dimen- 
sions (PDQ) as necessary to handle the geometry 
of the experiment, with the constants for the fast 
groups determined by an infinite-medium multi- 
group code (MUFT) and the thermal constants 
determined by Wigner-Wilkins averages in in- 
finite media (SOFOCATE code). It was stated 
that the four-group calculations gave power 
distributions that varied by a negligible amount 
from those that resulted from the two-group 
calculations. The general features of the pre- 
ferred calculational scheme were the same as 
those used by Goldsmith and Ryan” in fitting 
the results of activation-distribution measure- 
ments in highly enriched H,O-moderated as- 
semblies (reviewed in the December 1959 issue 
of Power Reactor Technology, Vol. 3, No. 1, 
pages 16 and 17). The further success of the 
method in the slightly enriched (2.7 per cent) 
UO,-H,O lattice of the Yankee critical experi- 
ment is quite encouraging. 


Background Neutron Source 


In a new reactor without an artificial neutron 
source, the significant contributions to the back- 
ground neutron source are spontaneous fission, 
(a,m) reactions in light nuclei, and nuclear in- 
teractions of the cosmic radiation. The back- 
ground strength has been computed”? for anum- 
ber of different reactors, and the results are 
summarized in Table III-1, which is taken from 
reference 29. 

The reference states that the background 
source strength has recently been measured in 
a critical assembly fueled with highly enriched 
uranium in Zircaloy-2. The measurement was 
in good agreement with calculation; however, 
the addition of boron did not increase the back- 





‘(ZS61) €0% :WSg ‘(uopuoT) ‘20g ‘skyd ‘204g ‘uINTUeIQ [eInjeN Aq SUOIjNEN UOTSSTY SnosuLUOdsS Jo UOTSSTUIY JO o}eY OY} JO UOT}eUTUIIE}Eg Y ‘IETIIITT “P+ 
‘SPELT ‘9LZ-WI 110dey OWVSN ‘sTeIeW SNoTzeA Jo seroyds ut Bul1e}}¥0g O1Js¥[eU] pue oinjdeD ‘uOSUeY ‘Ox 








Aq[loey 1aMmod (widd 
peyelepoul—19}B 2-01 X FE p-OT XT 00s 00S) d& [eanjeu 
AY T]OBJ [VOTT19 Ppeppe Yim 
peye1epoul-13j}eM 2-01 XP'E p-OT XG 002 02 2-0 X OE g-OT X ST IZ—N peyoysrug 
Aypoey ramod 
Pal PoyeIIpoUl—13}EM c-OT X T'S pO XT . 00s 
8 qTJORF Teowyys9 IZ-0 
pa poyelepoul-13yeM g-OT XS°Z p-OT XG 002 02 p-0OT XG p-0T X ST peyolaugy 
9 AAYTFORJ [OIIAO to-n 
ia Peye1apoul-19zBM 2-0T XE p-OT XS 002 02 2-01 X€ p-OT X ST peyol aug 
3 AyTORJ [WOO Iv-n 
B PoyeISpOUl—19zB MM j-0T XG'°E pO XS 002 02 j~OT X S°E p-OT XS'T peyoraiug 
ee Tejour 
& areyds BATpory p-OT XLT p-Ol X0'S 002 T g-OT X GT peyoy sug 
3 41030801 pe}ye1epour 20-n 
fx ~oyydei3 s 191931'T 2-01 X9°T g-0T XZ 000T oT pOl XPS 2-01 xX 9'L Teinjen 
aa 10}0¥el pele1epour [ejoul 9 
~oyyder3 OI-X 2-01 X9'T g-0T XZ 000T 6 2-01 X OT Teinjen 
= Tejow 9 
4 *o1oyds s uosuey 2-01 X9'T p- Ol xX v's 002 T 2-01 XO°T Te.injen 
adA} 10};0801 puodes ted 9 jo weiZ = puodes sed 9 jo weiZd guo/3 NM jo weiZ zed = puodess sod 9 jo wed puooes red 9 Telze}eur 
Io ied pret aad preté ‘19}Ua9 91090 Terzezeur aod prets jo wei3 sad plorAé jeng 
quoulttedx q uo1jneu udi1jnNaN @Aoge [el19}eUl 9109 swBIH uorjneu (u‘ 2) uo1jNeUu-uUOoTSSsTy 
Te10OL pesuspuog snosuezuods 





UOI}VIPeI OTUISOD WOIJ SUOI]NEN 





se2sHLONAULS FOUNOS-NOULNAN GNNOYOMOVE GALVINOTVO I-III eeL 


co 
Sn 








REACTOR PHYSICS 19 


ground as much as calculated. It was postulated 
that there might be segregation of uranium-rich 
and boron-rich lumps in the microstructure of 
the fuel elements. 


Recent Measurements 


Average Number of Neutrons 
Produced per Fission for U238 


Measurements of v (average number of neu- 
trons produced per fission), for spontaneous 
fission and for fission induced by neutrons of 
the U’** fission spectrum, in U?**, are reported 
in reference 30. The value for fission-spectrum- 
induced fission was measured by two methods: 
the scattering method and the coincidence 
method. The former gave a value of y = 2.87+ 
0.35, whereas the latter, more precise, tech- 
nique gave v= 2.93 + 0.075, based on a value of 
2.47+ 0.03 for the value of v for thermal- 
neutron fission of U’**. The value for spontane- 
ous fission of U’**, measured also by the coinci- 
dence method relative to the thermal v of U2*, 
was v(U2*8, spontaneous) = 2.10 + 0.08. 

The reference*®’ discusses the relation of the 
measurements to previous measurements and 
suggests that the current best value of v(U?3*) 
for fission which is induced by fission-spectrum 
neutrons is 2.86 + 0.05 if v(U***, thermal) is ac- 
cepted as 2.47+ 0.03. It is stated that the 2.86 
value is in good agreement with Leachman’s 
equation®! 


v(E) = v(0) + aE 


with v(0) = 2.40, a = 0.14 (Mev)~', and E (effec- 
tive, for U?** fission spectrum) = 3.1 Mev. 

A recent discussion of v for fast-neutron fis- 
sion of other isotopes is contained in reference 
32. 


Specific Alpha Activity of Plutonium 


Russian measurements of the specific alpha 
activities of Pu2®® and Pu?!? show® that 1 ug of 
Pu’® gives 136,200 + 200 alpha decays per min- 
ute, corresponding to a half life of 24,390 + 30 
years, and that 1 ug of Pu! gives 500,000 + 4000 
alpha decays per minute, corresponding to a 
half life of 6620 + 50 years. 


Absorption of Th233 


Reference 34 describes measurements of the 
thermal-absorption cross section and the reso- 


nance absorption integral for the isotope Th?*’, 
which has a 23-min half life. Determinations of 
the resonance absorption integrals of Th?*? and 
Co*® were incidental to the Th”*? measurement, 
and these results are reported also. 


Resonance Integrals 


Resonance absorption integrals for a number 
of elements and isotopes (38 in all), measured 
in the Harwell D,O reactor, DIMPLE, are re- 
ported in reference 35. The measurements were 
made with the pile oscillator. The samples were 
oscillated first in a highly thermalized spectrum 
and then in a hardened spectrum, the different 
spectra being obtained by variation of the fuel 
loading of the reactor. The effect ofa sample on 
the reactivity of the reactor in either the ther- 
malized or the hardened spectrum is deter- 
mined by its effective absorption cross section 
in that spectrum. The resonance integral canbe 
derived from the difference between the effective 
cross sections in the two spectra if the relative 
intensities of the epithermal- and thermal- 
neutron components of the hardened spectra are 
determined by measurements on an absorber of 
known resonance integral. Gold was usedas this 
standard resonance absorber. Its resonance in- 
tegral (above 1/v) was taken as 1513 + 60barns, 
the value given in the earlier work of Macklin 
and Pomerance.*® 


Graphite Absorption Cross Section 


The neutron absorption cross section of 
graphite varies according to its impurity con- 
tent. A program has been under way to inter- 
compare graphite absorption cross sections be- 
tween laboratories in the United States, the 
United Kingdom, and France. Reference 37 de- 
scribes measurements at Hanford on several 
graphite samples from the three countries and 
compares the Hanford results with those ob- 
tained in France and the United Kingdom. 

At Hanford the cross section for one graphite 
sample was determined in the PCTR by reac- 
tivity comparison against copper, which was in 
turn calibrated against gold. The measured 
graphite sample —o, (2200 m/sec) = 3.80 + 0.04 
mb— was then used as a standard for measure- 
ment of the other samples in the Hanford Test 
Reactor (HTR). The results are given in Table 
IlI-2* for six different lots of graphite and for 





*Table III-2 is reprinted here by permission from 
Nuclear Science and Engineering.*" 
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Table III-2 COMPARISON OF HANFORD, HARWELL, AND ZOE 
GRAPHITE ABSORPTION CROSS-SECTION MEASUREMENTS” 


(Values Given Are in Millibarns) 








Lot Hanford Harwell Zoé 
I (American) 3.514 0.06 3.63 + 0.30+ 
II (American) 3.65 + 0.06 3.75 + 0.30 
III (American) 3.54 + 0.06* 3.65 + 0.15* 
IV (British) 3.67 + 0.06 3.76 + 0.30 
V (British) 3.93 + 0.06 4.12 + 0.30 
VI (French) 3.53 + 0.06* 3.80 + 0.15* 





*The French values for Lot VI were obtained by measuring in Zoé 
pieces cut from the ends of the bars before sending them to Hanford. 
The cross-section values quoted are relative to boron. As a general 
rule, extremities of bars are somewhat less pure than the central part 
[private communication from H. Hering, Saclay]. Dr. Hering states that 
in the mean this difference amounts to 0.05 mb for the French bars. 
However, this would probably provide no explanation for the differences 
in the French and American scales as deduced from the measurements 
in this table. A better cross check on the French graphite will be ob- 
tained by sending three bars back to France for measurements in Zoé. 
The individual measurements on the test bars are as shown in the tabu- 





lation: 
Lot Ill Lot VI 
Graphite bar number 1657B 994B 1503B 5485 5501 5506 5516 
8B 15B 60B 
French values 3.71 3.63 3.60 3.76 3.79 3.83 3.84 
American values 3.59 3.54 3.48 3.50 3.52 3.56 3.55 


Note: It should be pointed out that one extremity of bar 8B was very im- 
pure [private communication from H. Hering, Saclay]. The quoted error 
of +0.15 mb for the French measurements includes all systematic er- 
rors and corresponds to the probable error. 


+The British absolute cross-section scale is based upon a series of 
diffusion-length experiments performed at Harwell on graphite blocks 
intercompared in GLEEP. Their values are consistent with a transport 
mean free path of 2.53 cm at a density of 1.65 g/cm’. The uncertainty of 
0.30 mb is their estimated experimental error and is the result of the 
uncertainty in the diffusion-length measurements. 


The measured age is T = 27.3 + 0.9 cm’, where 

the quoted error is meant to indicate abound on 

the error rather than a probable error. 
Measurements of the age to indium resonance 


individual bars in two of the lots. The French 
measurements are pile-oscillator measure- 
ments, and the British measurements are danger 
coefficient measurements performed in GLEEP 





in a manner very similar to the HTR tests. All 
measurements have been corrected, at the labo- 
ratories where these measurements were made, 
for nitrogen absorbed in the graphite pores. 


Slowing-Down Measurements 


A measurement of the age from fission to 
indium resonance in H,o, the result of which was 
previously discussed (reviewed in the September 
1959 issue of Power Reactor Technology, Vol. 2, 
No. 4, pages 30 to 33) in relation to theoretical 
results,** has recently been reported in detail.*? 


in H,O, of neutrons from the fission of U’**, are 
reported in reference 40. The weighted average 
of three measurements on U?*? was 27.6 + 0.6 
cm’, whereas two measurements on U***, by 
identical procedures, gave a weighted average 
of 29.1+0.8 cm’. Since corrections for some 
of the sources of systematic errors were not 
made, the reference claims only relative sig- 
nificance for the results: the conclusion is that 
the age of U**’ neutrons in water appears to be 
less than that of U?** neutrons by 5 + 3 per cent. 
It is stated that this result is in agreement with 
the theoretical results in reference 41. 
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Table III-3 COMPARISON OF EXPERIMENTAL DATA FOR VARIOUS 
ORGANIC LIQUIDS AND WATER*“ 








Neutron age Relative Relative 
in pure number of number of 
moderator hydrogen moderator Density, 
Moderator (tT), cm? nuclei/em? nuclei/em? g/cm? 
Water ’ 31.4 1.00 1.000 1.00 
Isoamy] alcohol, 

(CH3),CHCH,CH,OH 25.5 + 2 0.996 0.999 0.813 
Cyclohexanone, CgH49O 33.5 4 2.7 0.871 0.988 0.947 
Benzyl! alcohol, 

CgH;CH,OH; 36+ 2.9 0.694 0.915 1.043 
Toluene, CgH;CH; 41+ 3.2 0.678 0.848 0.866 
Formic acid (87%), 

HCO,H 49.5 + 2.6+ 0.533 0.81 1.19 
Mixture of organic 

compounds 52.5 + 4.2 ~0.55 ~0.75 





*Of the lattice volume, 84 per cent was occupied by the moderator, six per cent by uranium, 
five per cent by steel, and five per cent by air spaces. 
+Direct measurement to indium resonance energy by L. A. Gerasevaia and V. V. Vavilov. 


Age measurements of Na-Be neutrons in water 
and kerosene are reported in reference 42. The 
measurements were made primarily to investi- 
gate certain aspects of the discrepancy between 
experiment and theory for the age of fission 
neutrons in H,O. The use of a nearly monoen- 
ergetic neutron source removes the uncertain- 
ties connected with the broad and somewhat 
uncertain fission spectrum, whereas the meas- 
urement in kerosene circumvents the uncertain- 
ties, due to the rapidly varying oxygen cross 
section, which enter into the H,O cdse. The re- 
sults of the measurements were found to be in 
good agreement with calculated ages for both 
H,O and kerosene. The calculations for H,O have 
been made by the combination Monte Carlo— 
moments method (by Coveyou) and for kerosene 
by the moments method (by Goldstein). The re- 
sults for the age to indium resonance were: 


Measured Calculated 
H,O 13.88 + 0.22 13.90 + 0.14 
Kerosene 13.84+ 0.21 13.94 + (0.08) 


The errors quoted are standard deviations. In 
the calculation for kerosene the quoted standard 
deviation takes into account only the uncertainty 
in the carbon-to-hydrogen ratio of the modera- 
tor. 


Reference 43 describes critical experiments 
in a small assembly moderated by various or- 
ganic liquids. Values of the ages (to thermal) 
for the various liquids were derived from meas- 
urements of the buckling and the change in re- 


activity with moderator level. The results are 
given in Table III-3.* The quoted ages for the 
organics were obtained by normalization to the 
age for H,O, which was taken to be 31.4 cm’. 


Critical and Exponential 
Experiments 


In the September 1960 issue of Power Reactor 
Technology, Vol. 3, No. 4, a brief tabular sum- 
mary was given of critical and exponential ex- 
periments reported since the compilation in 
Reactor Physics Constants.“4 In the future, new 
exponential and critical work will be cited in 
Power Reactor Technology as this work is pub- 
lished. Usually it is impractical to do more 
than indicate the scope of each investigation 
since the results are seldom useful unless they 
are reported in detail. 

The Yankee critical experimental measure- 
ments of critical size, buckling, reflector sav- 
ings, migration area, disadvantage factor, reso- 
nance escape probability, and temperature 
coefficient (volume ratios of 2.2, 2.9, and 3.9 to 
1 for water to uranium metal) are described in 
references 45 and 46. The fuel elements are 
composed of 2.7 per cent enriched UO, pellets 
clad in stainless steel. Using the experimental 
data in reference 45, a calculation system*' was 





*Table III-3 is reprinted here by permission 
from Journal of Nuclear Energy: Part A, Reactor 
Science.® 
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deduced from theory and experiment for pre- 
dicting the shutdown available in the control 
rods for the final design of the first Yankee 
core. The general purpose of the calculations 
was to obtain an experimental value for the 
empirical fast-neutron absorption cross section 
to be used in the one- and two-dimensional 
analysis. The experimental information of most 
interest consisted of measurements ofthe nega- 
tive axial buckling in a region containing a bank 
of control rods, and measurements by boron 
substitution of the worths of individual rods, 
banks inserted to various depths, and groups of 
rods. The fuel used for the control-rod experi- 
ments was 3.4 per cent enriched UO,. The basic 
multiplying characteristics of the BR-3 fuel ele- 
ments‘*48 were also measured for water-to- 
uranium metal volume ratios of 2.9 and3.9to 1. 
These measurements consisted of critical size, 
buckling, reflector savings, resonance escape 
probability, fast effect, and disadvantage factor. 
The BR-3 fuel elements are composed of 4.4 
per cent enriched UO, pellets clad in stainless 
steel. 

As an extension of the Yankee and the BR-3 
critical experiments, a series of two-region 
critical experiments*® was performed at the 
Westinghouse Reactor Evaluation Center. The 
primary purpose of these experiments was to 
measure the spatial distribution of neutron flux 
and power production in reactor cores of simple 
geometric shape containing two regions of dif- 
ferent fuel enrichments, in order that a com- 
parison could be made with analytically derived 
distributions for the same cores. The two- 
region measurements consisted of determina- 
tions of critical water heights, radial flux plots 
uSing gold foils and depleted uranium foils, and 
radial power plots obtained by measuring 
fission-product activity in the fuel itself. The 
cores used were right-circular cylinders of 
Yankee CRX (2.7 per cent enriched) fuel sur- 
rounded by annuli of BR-3 (4.4 per cent en- 
riched) fuel. Two sets of the Yankee CRX core 
plates, those of 0.435- and 0.470-in. pitch (giving 
volume ratios of 2.9 and 3.9 to 1 for water to 
uranium metal), were used. 

The results of the loose lattice experimental 
work performed under the Multi-Region Lattice 
Program conducted at the Westinghouse Reactor 
Evaluation Center are described in reference 
49. The purpose of the experiments was to ob- 
tain critical mass information in the range of 
moderating ratios close to the optimum and to 


verify the physics computational methods now 
used for fuel-storage calculations. The experi- 
mental measurements consisted of critical size, 
buckling, reflector savings, and microscopic 
parameter measurements. These measure- 
ments were made in cores containing 2.73 per 
cent enriched Yankee fuel (UO,—stainless steel 
clad fuel rods) with lattice pitches of 0.573, 
0.615, and 0.665 in. (giving volume ratios of 
7.03:1, 8.51:1, and 10.38:1 for water to ura- 
nium metal. The microscopic parameter meas- 
urements were made only in the cores with the 
two smallest lattice pitches. The buckling, re- 
flector savings, and microscopic parameters 
were measured in cores containing two control- 
rod followers. The critical sizes were deter- 
mined for each lattice pitch for the cases of 
both two and four control-rod followers; the 
clean critical size was then obtained by extrapo- 
lation. 

Critical experiments*’ for the Consolidated 
Edison Thorium Reactor (CETR) have provided 
data on thorium oxide—uranium oxide fuel, in 
stainless-steel cladding, moderated with light 
water. These data are for cores with metal-to- 
water volume ratios near 1 (the region of inter- 
est in pressurized-water-reactor design). Ex- 
periments at ANL have provided data on similar 
fuel in aluminum cladding moderated with heavy 
water. These data are for the low metal-to- 
water volume ratios that accompany heavy- 
water moderation. The Thorium Uranium Phys- 
ics Experimental program (TUPE) conducted 
by the Babcock and Wilcox Company is intended 
to complement these data by providing informa- 
tion on lattices with ratios between the CETR 
and ANL values, a region which is of interest 
for boiling-water-reactor design. TUPE cores 
contain thorium oxide —uranium oxide pins clad 
with aluminum and have metal-to-water volume 
ratios ranging from 0.3 to 1.0 and for Ny)/Nos = 
25/1 and 15/1. A series of “clean core” meas- 
urements was done on five lattices, including 
flux mappings, critical mass determinations, 
cadmium ratio measurements for U?** and tho- 
rium, and flux depression measurements. These 
data were then analyzed to obtain material 
buckling, the ratio of infinite-medium thermal 
multiplication to infinite-medium resonance 
multiplication, the thermal-disadvantage factors 
for moderator and for cladding, the thorium 
resonance escape probability, and the U’** reso- 
nance escape probability. Leakage experiments, 
including partial water-height experiments and 


REACTOR PHYSICS 23 


lattice poisoning experiments, were performed 
on two cores. Leakage experiments were per- 
formed on two additional cores without lattice 
poisoning. The leakage experiments consisted 
of determination of the water-height coefficient 
of reactivity as a function of water height and 
boric acid concentration in the moderator. 
These data were analyzed to determine migra- 
tion area and infinite-medium multiplication 
constant. The experimental results were 
checked against several of the available calcu- 
lational models. 

A program of critical approach and exponen- 
tial measurements” of 3.063 per cent enriched 
uranium rods in light water is being conducted 
at Hanford Atomic Products Operation. Critical 
masses, buckling, and some extrapolation 
lengths have been measured for four rod di- 
ameters (0.300, 0.600, 0.925, and 0.175 in.) with 
various lattice spacings. The latest measure- 
ments were with rods 0.175 in. in diameter by 
23.5 in. in length, encased in 0.025-in.-wall 
Lucite tubes for insertion into hexagonal lattice 
frameworks. All lattices were moderated and 
completely reflected with light water. In addi- 
tion, critical-approach type measvrements™ 
were made with assemblies having circular, 
elliptic, and rectangular cross sections, to try 
to evaluate some of the perturbation effects that 
are usually present when making heterogeneous 
critical mass measurements. Using the 0.175- 
in. rods arranged in a triangular lattice with a 
water-to-uranium (total) volume ratio of 8.0, 
the investigations were: (1) to determine the ef- 
fect of the irregular outer boundary on the 
measured critical mass, (2) to obtain informa- 
tion on the effect of geometry on the extrapola- 
tion distance, (3) to examine the feasibility of 
determining more accurately the effective radius 
of the extrapolated critical cylinder by intro- 
ducing a shape deformation which is then suc- 
cessively decreased to zero, and (4) to compare 
the theoretical buckling formulations with ex- 
periments. 

Measurements” of the lattice parameters, in- 
cluding the infinite multiplication factor, ther- 
mal utilization, resonance escape probability, 
and fast effect, have been performed in the 
PCTR at Hanford in support of the Experi- 
mental Gas-Cooled Reactor (EGCR) program. 
The EGCR fuel element is a seven-rod cluster 
of 1.8 per cent enriched UO, clad in stainless 
steel. The lattice spacing is 8 in. Detailed 


flux traverses were required for this lattice 





because there is a strong axial flux dependence 
caused principally by the stainless-steel end 
caps and spiders which break the continuity of 
the UO, columns by displacing some of the UO, 
pellets at each end of the cell. Since one of the 
problems™ encountered in the design of the 
EGCR has been the possibility of bowing in the 
outer six rods of the seven-rod cluster, two de- 
tailed flux traverses (radial and axial) were 
made on the EGCR lattice in the PCTRto obtain 
data needed to solve this problem. 

References 55 to 60 describe the criticality 
measurements made by the Dow Chemical Com- 
pany, on plutonium-Plexiglas and plutonium- 
graphite assemblies, and on enriched uranium 
metal in UO,(NO;), solutions. Neutron multipli- 
cation measurements**’** were made on cylindri- 
cal disk assemblies constructed of alternate 
layers of Plexiglas and plutonium-metal sheet. 
Both bare and tamped assemblies were investi- 
gated. The hydrogen-to-plutonium atomic ratios 
were varied from 0 to 90 for the tamped arrays 
and from 0 to 94 for the untampedarrays. Neu- 
tron multiplication measurements*’*® were also 
made on a similar assembly of graphite and 
plutonium-metal sheet, on cylindrical assem- 
blies®? of enriched metal disks immersed in 
water and in concentrated solutions of enriched 
UO,(NO;)., and on two identical finite metal slab 
assemblies®™ separated and reflected by Plexi- 
glas. The thickness of the plutonium sheet was 
varied in order to study the effects of inhomo- 
geneity. 

Experiments to study the properties of or- 
ganic compounds as moderators were carried 
out in the U.S.S.R. witha small liquid-moderated 
critical assembly. The fuel elements containing 
highly enriched uranium were arranged inatri- 
angular lattice. The critical masses, the rate of 
increase of reactivity with rising level of the 
moderator above the critical level, and the 
Laplacian %° for the distribution of thermal 
neutrons were experimentally determined. 

Criticality and neutron activation distribution 
measurements®! were initiated at Bettis Atomic 
Power Laboratory, in the High-Temperature 
Test Facility (HTTF), on a highly enriched 
uranium—zirconium slab core. The tempera- 
ture defect and the temperature coefficient were 
measured near operating power-reactor tem- 
peratures, and the thermal-neutron activation 
measurements are being obtained not only inthe 
core and adjacent reflector regions but also at 
a relatively large distance into the water re- 
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flector. The data will be compared with calcula- 
tional results to check the applicability of cur- 
rent nuclear design models and to predict 
control requirements, power distributions, and 
depletion rates. The slab is 6 in. wide and30 in. 
high and of length varied to make it “clean” 
critical at various temperatures. It is con- 
structed of 9.5 wt.% uranium—zirconium alloy 
plates clad with zirconium and positioned in 
grooved zirconium boxes which are clamped 
together to form a relatively uniform composi- 
tion. The average metal-to-water ratio of the 
assembly is 1.2. 
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Section 
IV 





Liquid Cooling 


The concept of departure from nucleate boiling 
(DNB) was. discussed in the September 1960 
issue of Power Reactor Technology, Vol. 3, No. 
4, page 27, wherein a theoretical study was re- 
ported. Reference 1 reports on an experimental 
study of boiling heat transfer from a horizontal 
tube to a saturated liquid at atmospheric pres- 
sure in the nucleate, transition, and film boiling 
regions. The results are of interest to power- 
reactor technology in that they give insight into 
basic mechanisms invoived in boiling heat 
transfer. 

The apparatus used was designed to transfer 
heat through the walls of a horizontal pipe to a 
boiling fluid: the source of heat was a high- 
pressure hot-water loop, and both water and 
Freon 11 (Refrigerant 11) were employed as 
boiling liquids. Two series of runs were ac- 
complished. The first series was planned to 
gain operating experience and to check the ef- 
fect of surface variables on the boiling curve. 
The tube materials that were used andthe liquid 
that was boiled are as follows: 


Tube material 

Liquid boiled (*% in. OD, '/ in. ID) 
304 stainless steel 
ETP copper 
Teflon-coated 304 

stainless steel 
Ceramic-coated 304 

stainless steel 
ETP copper 


Refrigerant 11 
Refrigerant 11 
Refrigerant 11 


Refrigerant 11 


Water 


The second series of runs was performed to 
extend experimental data and utilized the fol- 
lowing combinations: 
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Tube material 
Liquid boiled (¥/, in. OD, 4 in. ID) 
SB161 nickel 
Chrome-plated ETP 
copper 
Ceramic-coated SB161 
nickel 
Chrome-plated ETP 
copper 
Ceramic-coated ETP 
copper 


Refrigerant 11 
Refrigerant 11 


Refrigerant 11 
Water 
Water 

Figure 5 is an example of the data obtained 


for the boiling of Refrigerant 11 on three dif- 
ferent surfaces. The effect of the wall ma- 
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Figure 5— Heat transfer! to Refrigerant 11. 


terial, as well as the relative invariance of the 
peak heat flux, is evident. Figure 6 presents 
data for Refrigerant 11 boiling on stainless 
steel, and the numbers shown adjacent to the 
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Figure 6— Heat transfer to Refrigerant 11 from 
stainless-steel tube.’ (The subscript HPW = high- 
pressure water.) 
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SURFACE TEMPERATURE VARIATION, °F 














Figure 7— Wall temperature of stainless-steel tube! 


data points represent various runs, numbered 
1 to 14. In an attempt to gain additional insight 
on DNB, three thermocouples were welded to 


the top, to the side, and to the bottom of an ex- 
perimental stainless-steel pipe. Figure 7 il- 
lustrates the surface temperature and surface- 
temperature variation for those runs 
corresponding to the data points in Fig. 6. In 
runs 1 to 6, where nucleate boiling was the 
dominant effect, the surface temperatures were 
approximately constant, as can be seen in Fig. 
7. With the onset of DNB, however, surface- 
temperature fluctuations become evident. These 
irregularities are present until run 14, where 
stable film boiling was evident. Photographic 
data are also presented in reference 1. 


The conclusions, as summarized! in the 
reference, are: 


1. (Q/A) max for these conditions is almost a con- 
stant and is unaffected by a shift of (A7)[*] of as 
much as 40°, 

2. (AT) max is strongly dependent on surface con- 
ditions. 

3. Datain the transition region is highly unstable, 
depending on surface conditions and on wetting 
properties of the liquid. i 

4, The inception of transition boiling is marked 
by violent motions of a two-phase mixture which 
alternately approaches and is driven from the heated 
surface, Thus a vapor film is gradually produced 
as the surface temperature rises, and stable film 
boiling is established only when the surface tem- 
perature becomes relatively constant. 

5. The liquid does touch the surface during tran- 
sition boiling. 

6. There is no unique minimum point. [f] 

7, The minimum pointlt] does not necessarily 
mark the dividing line between transition and film 
boiling. 

8. The criterion for stable film boiling should be 
the absence of fluctuations in the surface tempera- 
ture. 


Reference 2 is a study of “boiling songs’’ 
(the sustained sounds that are sometimes gen- 
erated in connection with heat transfer at high 
heat-flux levels) and associated mechanical 
vibrations. It is based on observations made 
at different laboratories doing boiling heat- 
transfer experimentation and on a review of 





*The AT at which Q/A is maximum. 

t The point referred to is the minimumin the curve 
of Q/A vs. AT. It was found to be not unique in the 
sense that, for example, it varies with surface con- 
dition and may vary for different runs on the same 
apparatus, 
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recent literature. The conclusions are as fol- 
lows: 


1. Under certain conditions of local boiling, which 
includes a boilinglike mechanism at supercritical 
pressures, intense sounds (boiling songs) and me- 
chanical vibrations can be generated. 

2, The occurrence of these intense sounds and 
mechanical vibrations is intimately related to the 
operating conditions in the heated portion of the loop. 

3. The boiling songs and associated vibrations 
are accompanied by large-amplitude pressure and 
flow fluctuations, although such fluctuations may 
occur without the generation of sounds or vibrations. 

4. When these unusual phenomena occur ina 
system, the condition is reproducible and reversi- 
ble. 

5. These unusual phenomena exhibit a threshold 
condition, generally occurring at about 70—80% of 
the burnout heat flux. 

6. In the case of intense sound generation, in- 
creasing the heat flux, while maintaining a constant 
inlet subcooling and flow rate, results in an in- 
creased intensity which maximizes and then de- 
cays as burnout is approached, 

7. The intensity of the associated vibrations may 
show the same pattern as the sound generation 
phenomena, or may persist until the burnout con- 
dition. ; 

8. During vibration, and probably during sound 
generation, the heated surface exhibits a periodicity 
in bubble formation; that is, all bubbles are syn- 
chronized and grow and collapse simultaneously. 

9. The occurrence of boiling songs and associ- 
ated vibrations appears to be confined to local (sub- 
cooled) boiling systems. There has not been a 
recorded occurrence of these phenomena in bulk 
boiling (net vapor generation) systems. 

10, The unusual phenomena result from pressure 
waves and/or flow fluctuations which induce varia- 
ble heat transfer in the system, The variability in 
the heat-transfer rate and energy dissipation of the 
pressure wave results in the intense sounds and 
vibrations, 


It is noted in the reference that no instance of 
the occurrence of boiling songs has been re- 
corded in rectangular channel geometries; it is 
postulated that this may be due to the damping 
provided by the heavy housings used with 
rectangular channels. 


Gas Cooling 


The quarterly progress reports of various 
groups designing gas-cooled reactors continue 
to yield useful heat-transfer data. Much of the 
work is concerned with the practical problems 
involved in cooling bundles of fuel elements 


installed in close-fitting coolant channels. Ref- 
erence 3 reports work to investigate the effect 
of a fuel-rod spacer installed at the center of a 
seven-rod fuel cluster of the Experimental 
Gas-Cooled Reactor (EGCR) type. Correlation 
curves for the heat transfer upstream and 
downstream of the spacer have been derived 
from the experimental data. Data were also 
obtained on the circumferential surface-tem- 
perature distributions and mean heat-transfer 
coefficients for two of the tubes in a seven-rod 
cluster using a resistance-heated test loop. 
Preliminary results of a study of heat transfer 
in septafoil geometry (seven-rod cluster) by 
means of mass-removal measurements were 
reported.’ The apparatus consisted of acluster 
of seven rods designed to mock up the actual 
fuel-element dimensions, spacer configuration, 
etc. One of the rods in the cluster was coated 
with naphthalene. By locating this coated rod 
successively in each of the rod positions, it was 
possible to study mass removal at almost any 
position in the cluster by passing air through 
the cluster and then measuring the amount of 
sublimation. Preliminary analyses which com- 
pare the mass-transfer data with heat-transfer 
data show promise. 

The air-flow test of a 19-rod cluster is re- 
ported in reference 4. The fuel element tested 
consisted of 19 closely spaced rods arrangedon 
a triangular pitch to form a hexagonal bundle. 
Spiral wire spacers were used on the center 
rod and on the 12 peripheral rods. 


Rod parameter Model A 
No. of rods 19 
Rod pitch Triangular 
Shroud shape Hexagonal 
Rod diameter, in. 0.625 


Type of spacing Spiral wire 
Spiral pitch, in. 12.5 


Rod-to-rod spacing, in. 0.125 
Rod-to-wall spacing, in. 0.125 
Flow area, sq in. 4.450 
Wetted perimeter, in. 54.5 
Hydraulic diameter, in. 0.327 
Test length, in. 53.5 


The experimentally determined correlation is 
shown in Fig. 8. It can be noted that the data 
fall quite close to the accepted correlations for 
flow in smooth tubes. 
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Figure 8—Friction factor for 19-rod bundle with 
spiral wire spacers.! 


Hot-Channel Factors 


A recently declassified AERE technical note 
on statistical methods for the estimation of the 
maximum fuel-element temperature in a power 
reactor has become available.’ Briefly, the 
paper discusses the question of how one ascer- 
tains. that a given set of cladding temperature 
measurements taken within a power reactor 
represents the hot channel. 


If n wall temperatures, T wall, are measured, 
the average wali temperature, 7, and the varia- 
tion, v, can be computed as follows: 


T ="), Twan @) (1) 
ot =) [wan @) - 7} (2) 


In order to estimate the probability that some 
temperature in the reactor will exceed the 
measured average (7) by aS much as some 
amount AT, one must take into account not only 


the possible deviations of all the temperatures 
from the true average, but also the probable 
amount by which 7 deviates from the true aver- 
age, and the probable amount by which the 
variation, v, differs from the “true’’ standard 
deviation, 0, which would result from a very 
large number of observations. 


If pis the probability that the maximum tem- 
perature in any particular channel exceeds 


some temperature, Tp; then the relation be- 
tween T, and p may be written* 


T, =T +f(on (3) 
The reference provides a short table of /(p,n), 
which is reproduced here as Table IV-1.7 Itis 


stated that a larger table can be obtained from 
the author. 


Table IV-1 VALUES OF f(p,n)*® 








n p= 1078 p= 1074 p= 107 
10 5.28 7.55 10.4 
20 3.90 5.02 6.18 
30 3.59 4.50 5.39 
40 3.45 4,28 5.06 
50 3.38 4.16 4.88 
60 3.32 4.08 4.77 
80 3.26 3.96 4.63 
100 3.22 3.92 4,52 
Limit 3.09 3.72 4,24 





If the total number of fuel channels is N, then 
the probability, P(N,p), that any one of N ele- 
ments has a surface temperature greater than 
y i p is 


P(N,p) =1 — e7PN (4) 


If N were 4000, the following probabilities would 
obtain: 


p PW,p) 
1073 0.982 
10“ 0.33 
10> 0.04 


In the above discussion, only random errors 
normally distributed have been considered. In 
some cases, however, systematic errors in 
temperature measurement may be present, and 
the reference presents a method for the in- 
clusion of these systematic variations. 





* An equation of the same form was used in the 
analysis of hot-spot factors previously reviewed in 
the June 1960 issue of Power Reactor Technology, 
Vol. 3, No. 3, pages 7 and 8. 

+ Table IV-1 is reprinted here by permission from 
British Report IGR-TN/R-760. 
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Another technique used in the statistical 
analysis of hot-spot temperatures is presented 
in reference 3. The technique consisted of 
expanding the expression for fuel-rod surface 
temperature into a Taylor series about the 
mean value of each of the variables. It was 
found that the linear terms suffice to represent 
the temperature change due to an incremental 
change in any one of the independent variables, 
and the problem became one of adding 10 fre- 
quency functions since the following 10 inde- 
pendent variables were chosen: 


Variable Uncertainty 

Gas temperatures at inlet to core + 40°F 
Macroscopic fission cross section of fuel + 2% 
Radial peak-to-average flux ratio £1% 
Axial peak-to-average flux ratio + 2% 
Cross-sectional area of fuel pellets +1,5% 
Graphite-sleeve inside diameter +0.2% 
Stainless-steel-tubing outside diameter +0.8% 
Nominal heat-transfer coefficient + 10% 
Observed gas outlet temperature + 25°F 
Thermocouple error + 25°F 


The basic fuel-element geometry is a cluster 
of seven rods; the graphite sleeve surrounds 
the cluster of fuel rods and the spacers and 
defines the outer coolant-flow boundary. Each 
of the 10 frequency functions represented one 
of the linear terms in the Taylor series ex- 
pansion and, for simplicity and conservatism, 
each was considered rectangular with extremes 
as shown above. 


The addition of ten square frequency functions is 
an arduous task, but fortunately it was found that 
only five rectangular distributions, each having ex- 
tremes differing by not more than a factor of 2 or 
3, sufficed to yield a frequency function that closely 
approached Gaussian form. The other five factors 
could only enhance this congruity, and so it was de- 
cided to consider that the result of adding all ten 
distributions would yield a normal distribution with 
a variance (square of the standard deviation) equal 
to the sum of the individual variances. (The vari- 
ance of a rectangular frequency function is one- 
third the square of the difference between its ex- 
treme and mean.) 


Thus, for the values quoted above, the standard 
deviation of the surface temperature was found to 
be 35.6°F. Therefore the probability that the hottest 
spot on the fuel-element surface will be at a tem- 
perature above the indicated value is the following: 





Probability of being 


Temp., °F above this temperature 
Nominal 0.50 
Nominal + 20 0.29 
Nominal + 40 0.13 
Nominal + 60 0.046 
Nominal + 80 0.012 
Nominal + 100 0.0025 
Nominal + 120 0.00038 


The previous two paragraphs are quoted from 
reference 3. 

An experiment to determine hot-channel fac- 
tors for the 19-rod, Model A, elements de- 
scribed above is reported in reference 4. The 
hot-channel factor is described as follows: 


x measured surface temperature -—inlet temperature 
~ calculated surface temperature — inlet temperature 





The f factor thus includes both the coolant tem- 
perature rise and the film drop. Three tests 
were made: a uniformly heated bundle coated 
with temperature-sensitive paints, a uniformly 
heated bundle with thermocouples, and a bundle 
with radially varying heat generation, with 
thermocouples. The results are shown in Table 
IV-2, and an explanation of the geometry is 
given in Fig. 9. 

A necessity in computing dimensional hot- 
channel factors from fuel-element dimensions 


Table IV-2 HOT-CHANNEL FACTOR AS A FUNCTION 
OF RADIAL POSITION 











Conditionst Relative 
Location* 1 2 3a 36Eté«éS” power 
Center rod A 1.29 1.21 0.92 1.05 1.19 1.00 
Middle rod B 1.32 64 t t t 1.14 


Outer rod C: 
Inner surface 1.04 1.02 1.14 1.06 1.06 
Outer surface 1.14 0.93 1.03 0.96 0.89 
Outer rod D: 
Inner surface 1.08 1.08 1.10 1.08 1.14 1,42 





* See Fig. 9. 

t Conditions: 1, values as determined from tempera- 
ture-sensitive paint with uniform heat flux. 2, values as 
determined from thermocouple measurements with uni- 
form heat flux. 3, radial power distribution set by physics 
calculations (temperature measured with thermocouples): 
a, calculated temperature based on average conditions; b, 
calculated temperature based on average coolant tempera- 
ture and local film temperature drop; c, calculated tem- 
perature based on no-mixing coolant temperature and lo- 
cal film temperature drop. 

tNo measurement. 
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is to have an accurate method for securing 
these dimensions from fuel elements. A some- 
what unusual eddy-current gauge for measuring 
channel dimensions has recently been de- 
scribed.® It is based on the fact that, when an 


TEMPERATURE MEASUREMENT 
CENTER ROD 
MIDDLE ROD 


OUTER ROD C 
INNER SURFACE 


OUTER ROD 
OUTER SURFACE 


OUTER ROD D 
INNER SURFACE 





Figure 9— Nineteen-rod fuel bundle with spiral wire 
spacers.‘ 


eddy-current probe coil is moved away from or 
closer to a conducting body, a change in the 
impedance of the coil is experienced. Reference 
6 describes such a device and its application in 
measuring channel spacing of zirconium-clad 
uranium-bearing fuel plates. The cross-sec- 
tional view of the probe is shown in Fig. 10; 


FUEL 
PLATES 





PROBE IN 0.060-IN. CHANNEL 


Figure 10— Eddy-current gauge for coolant-channel 
thickness.® 


the probe material was nylon. The reference 
presents the circuit diagram for the electronic 
equipment auxiliary to the probe. After cali- 
bration, the eddy-current device was used to 
measure the channels of a production fuel ele- 
ment. The conclusions are quoted® below: 


During the measurement of actual channels, the 
over-all performance of the equipment was noted. 
The equipment was easy to operate and required no 
special skills of the operator. A complete stand- 
ardization of the gage could be done in less than 
one minute, and a ‘‘spot’’ check could be done in 
only a few seconds. However, it was found that 
frequent standardization was unnecessary. 

The results of this investigation indicate that the 
eddy-current channel spacing gage is suitable for 
production testing of water-channel spacing. Under 
typical operating conditions, even with probes of 
widely differing characteristics, the gage exhibits 
a linear response and has a precision of 0.00027 in. 
for channels spaced from 0.060 to 0.080 in. 

Since the measurements of one channel are con- 
tinuously displayed on a strip chart recording in 
10 sec, the method provides more information and 
is faster than conventional mechanical methods. 


Short Notes 


An IBM-704 program for the thermal analysis 
of a pressurized-water reactor during steady- 
state operation has recently been published.’ 
The program, titled STDY-3, performs a com- 
plete steady-state parallel-channel thermal 
analysis of a rectangular water-channel core 
with plate type fuel elements. Enthalpy and 
temperature rise for the average channel are 
calculated, and two-phase pressure-drop cal- 
culations are performed. Hot-channel pressure 
drop, flow, enthalpy, temperature, and steam 
quality are also computed. 


STDY-3 is a one-dimensional code, in that 
conditions are varied in the “z’’ (length) direc- 
tion only. MITE-02 is a program for steady- 
state flow distribution within a single vertical 
rectangular channel but allows for two-dimen- 
sional treatment (variations across the thick- 
ness of the water channel are not allowed).* 
The model is a single vertical channel sub- 
divided into a number of control volumes. The 
conservation of mass, momentum, and energy 
and the equations of state are written in finite 
difference form, and each control volume is 
treated on a macroscopic basis. The two- 
dimensional solutions allow for study of the 
effects of transverse flux gradients; one major 
assumption is made in the solution to the equa- 
tions, namely, that transverse pressure gra- 
dients are negligible. The validity of this as- 
sumption has been checked experimentally. 
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V 





Stability of Boiling-Water 
Reactors 


It is well known that the limits of stability must 
be considered in determining the maximum 
power level at which a boiling-water reactor 
can be operated. In reactors designed for power 
production, the stability limit is usually higher 
than the limit set by other considerations such 
as the central temperature of the fuel elements. 
The stability-limited power density has been 
found to be higher at high operating pressure 
than at low pressure. This difference may be 
attributed partly to the increase of steam den- 
sity with pressure, which makes possible a 
higher power density for a given steam-to- 
water ratio in the reactor core at high pres- 
sure. It appears also, however, that the stability 
limit on steam-to-water ratio increases with 
operating pressure. At pressures near atmos- 
pheric, the BORAX and SPERT reactors be- 
came unstable when the reactivity compensated 
by steam amounted to something like 2 per cent 
Reff, Whereas the Experimental Boiling-Water 
Reactor (EBWR) and the Vallecitos Boiling- 
Water Reactor (VBWR), operating in the 600- 
to 1000-psi range, have operated stably with 
more than twice this amount of reactivity com- 
pensated by steam. Although this gain in sta- 
bility with pressure is not necessarily surpris- 
ing, it must be understood quantitatively before 
a thorough understanding of boiling-water- 
reactor stability can be claimed. A number of 
theoretical studies employing transfer-function 
techniques have been made, but these studies 
have been directed toward the analysis of the 
behavior of the higher pressure reactors, and 
the dynamic models used in deriving the trans- 
fer functions have not been tested in the lower 
pressure ranges. 
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A different approach has been used by Fleck, 
who has set up, in a one-dimensional model, the 
dynamic equations governing the flow of water 
and the flow and production of steam ina natural- 
circulation reactor; has coupled these equations 
to the reactor kinetics equations; and has ob- 
tained numerical solutions by machine computa- 
tion. He has directed the analysis toward low- 
pressure reactors of the BORAX-I andSPERT-I 
types. An earlier study!” has been reviewed in 
the December 1959 issue of Power Reactor 
Technology, Vol. 3, No. 1, pages 52 and 53. In 
that analysis the pressure was not treated as 
one of the dynamic variables. A later paper® by 
Fleck includes the effects of pressure varia- 
tions. This work is of particular interest be- 
cause the difference in compressibility of steam, 
between high and low operating pressures, is 
one of the explanations that has been invoked to 
explain the difference in stability limits with 
pressure. 

Fleck considers the case in which the reactor 
tank is open to the atmosphere and there is no 
variation of pressure in the steam space above 
the reactor. Two pressure effects remain and 
are accounted for: (1) the dynamic effects within 
the core, involving the acceleration of the water, 
and the changing friction pressure drops due to 
varying water velocities; (2) the changes in the 
average hydrostatic pressure within the boiling 
volume of the core due to changes in the posi- 
tion of the boiling boundary. 

Numerical calculations were made for the 
behavior of the SPERT-IA core at atmospheric 
pressure under the condition of ramp addition 
of reactivity. Three specific cases are reported: 


1. Reactivity addition at a rate of 0.5 per cent 
per second with no head of water above the core 
(no upper reflector) and with the core water 
initially at saturation temperature. 
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2. Reactivity addition at a rate of 0.5percent 
per second with a 2-ft head of water above the 
core and with the core water initially at satura- 
tion temperature (at atmospheric pressure; the 
water was Slightly subcooled at the core pres- 
sure because of the hydrostatic head). 

3. Reactivity addition of 0.25 per cent per 
second with a 2-ft head of water above the core 
and an initial subcooling of 20°C. 


For case 1 the calculation indicated an even- 
tual instability, but only after a reactivity addi- 
tion of 8.5 per cent. It was determined that this 
unstable oscillation represented a feedback in- 
stability involving the kinetics of the neutron 
chain reaction as well as the dynamics of the 
water-steam system. In cases 2 and 3, no cou- 
pled instability of this type was observed, but a 
purely hydraulic instability occurred in both 
cases: after the addition of 1.8 per cent reac- 
tivity in case 2 and after the addition of about 
2 per cent reactivity in case 3. 

The inclusion of the pressure as a dynamic 
variabie apparently has not changed the main 
conclusion that was reached in the earlier 
study, namely, that hydraulic instability, rather 
than a coupled oscillation including the neutron 
kinetics, appears to be the major factor affect- 
ing the low-pressure stability limit of the 
boiling-water reactor. 


EBR-I Mark III Core 


After the Mark II core of the Experimental 
Breeder Reactor I (EBR-I) was damaged by a 
power excursion during a series of dynamics 
experiments, the Mark III core was built to a 
new design which minimized the bowing tend- 
ency of fuel rods under transverse temperature 
gradients. The behavior of the reactor with the 
Mark II core was discussed briefly in the De- 
cember 1957 issue of Power Reactor Tech- 
nology, Vol. 1, No. 1, pages 12 to 14. The de- 
sign of the Mark III core has been described in 
reference 5. Subsequent operation showed that 
the reactor with the Mark III core is quite stable. 
A recent Argonne report® describes a very de- 
tailed analysis of the dynamic behavior of the 
reactor with the Mark III core and relates the 
analysis to the observed operating characteris- 
tics of the reactor. 

The work reported in reference 6 employed an 
electronic analog of the reactor, which took into 
account the heat flow in the core and the expan- 


sions of the core and blanket components under 
the influence of changing temperatures. Agree- 
ment with the observed behavior of the reactor 
was good. Among the conclusions reached were 
the following: 


The feedback of EBR-I, Mark III is such that this 
reactor has dynamic characteristics which cause it 
to be stable well beyond its operating range. The 
large negative feedback is considered to be due to 
the condition that the spaced fuel rods cause the 
core to expand as a solid cylinder. 


EBR-I, Mark III is a nonlinear system[*] and ac- 
cordingly should be represented by a nonlinear 
model. Linear analysis using the root locus method 
indicates a greater margin of safety than does the 
nonlénear model. 


A prompt positive coefficient capable of producing 
instability can exist and not be detected at normal 
operating conditions by qualitative inspection of re- 
sponse data. However, it can always be detected by 
a careful analysis of the operating data and of the 
effect of possible errors in the measurement of 
these data. 

Mathematical models of nuclear reactors and an 
electronic analog computer provide a safe and rapid 
means of investigating the dynamic characteristics 
of reactors prior to operation and are of great as- 
sistance in the attempt to reconcile the discrep- 
ancies between measured results and theoretical 
predictions. 

It is possible to construct an analog model of a 
reactor from analysis that has sufficient dynamic 
similarity to predict the performance of the reactor 
to the extent that there will be no unfortunate sur- 
prises when the reactor goes into operation. 


Perhaps the most striking result of the study 
is the demonstration of the smallness ofthe me- 
chanical distortions that, in small, high-leakage, 
fast reactors, will suffice to give observable ef- 
fects on the dynamic response of reactor power. 





*The nonlinearity is attributed tofrictional restraint 
onthe axial expansion of fuel rods. The rods are sepa- 
rated by full-length spacers, and bundles of the rods 
with their spacers are clamped tightly within subas- 
sembly cans. Thus the axial expansion of any given 
rodis partially restrained by friction against adjacent 
spacers and, ultimately, against the wall of the sub- 
assembly can. This restriction leads to a nonlinear 
relation between rod length and reactor power and 
gives a hysteresis effect if the reactor power is al- 
ternately raised and lowered. 
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Section 
VI METAL-WATER REACTIONS 





In the analysis of the hazards of water-cooled 
reactors, accidents that lead to the melting of 
the reactor fuel or the fuel cladding, either 
because of excessive power production or be- 
cause of coolant loss, are often postulated. If 
the molten material can react chemically with 
the coolant water, the question of whether such 
a reaction might add significantly to the de- 
structive energy release of the accident then 
arises. The answer to the question may have 
an important effect on the design of the con- 
tainment structure. 


The final report in a series'~’ by the Atomic 
Power Equipment Department of the General 
Electric Company, covering an AEC-sponsored 
study of metal-water reactions, has been is- 
sued. The reports may be divided into three 
groups. References 1 to 4 treat the analysis 
of reactivity excursions in water-moderated 
reactors, to determine under what excursion 
conditions melting of fuel or fuel jackets may 
occur. Reference 8 considers the possible ef- 
fects of a Zircaloy-water reaction during a 
loss-of-coolant accident, and references 5 to 7 
and 9 cover studies of the details of the possi- 
ble chemical reactions. 


Reactivity Excursion 

In the first group of reports,’ a method is 
developed for calculating (by an analog computer) 
the time variation of reactor power and fuel 
temperature after the sudden introduction of 
excess reactivity, and until the reactor termi- 
nates the power excursion by water expulsion 
or some other means. The main assumptions 
are: 


1. The spatial power distribution in the core 


is taken into account approximately by assuming 
that all the power is produced uniformly in a 
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central volume of the core, the magnitude ofthe 
central, active volume being given by 


total core volume 
(Fp)(F4) 





Active volume = 


where F, and F, are the radial and axial hot- 
spot factors, respectively. 

2. The only contributions to pressure change 
are those arising from inertial forces as the 
water is accelerated. The density and the elas- 
tic modulus of the water are assumedto be con- 
stant. 

3. The processes considered as contributing 
to removal of the excess reactivity (reactor 
shutdown) are the formation of steam in the 
core by heat conduction from the fuel, the for- 
mation of radiolytic gases, the heating of the 
water by absorbed radiation, and the fuel tem- 
perature coefficient of reactivity due to Doppler 
broadening of the U*®** resonances. Of these, the 
radiolytic gas production was found to be insig- 
nificant for short-period excursions, and it was 
subsequently neglected. 

4. Steam is formed by film boiling at the fuel- 
element surface. The heat transfer to the water 
is given at all times by 


where 7; is the surface temperature, 7) is the 
initial water temperature (heating of the bulk 
liquid water by heat transfer from the fuel ele- 
ment is neglected), and R7 is the thermal re- 
sistance to the flow of heat from the fuel sur- 
face to the coolant, assumed to be constant. A 
time delay of 5 msec was assumed to occur be- 
fore the beginning of steam formation after the 
fuel-element surface had reached the saturation 
temperature of the water. 
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The application of the method to the BORAX-I 
and SPERT-I reactors gave reasonably good 
agreement with the experimentally determined 


values of the total energy release during reac-- 


tivity excursions of given periods. The shapes 
of the power-time curves showed poorer agree- 
ment with experiment, probably because of an 
inadequacy in the treatment of the steam ex- 
pansion after the peak of the power curve. 

The calculation method was used to investi- 
gate’ the effects of various reactivity transients 
on typical H,O-moderated reactors of three dif- 
ferent types: one employing aluminum-clad, 
uranium-aluminum fuel plates; one employing 
zirconium-clad plates of zirconium-uranium 
alloy; and one empioying rod type fuel elements 
of UO, jacketed in zirconium. The plate type 
elements were 60 mils thick, consisting of 20 
mils of fuel alloy with 20 mils of cladding on 
each side; the rod elements contained UO, of 
0.40 in. diameter, with a 25-mil jacket thick- 
ness. All three reactors were initially at a 
temperature of 212°F and at atmospheric pres- 
sure. 

The calculations indicated that, for the reactor 
having uranium-aluminum fuel plates, no melt- 
ing occurred during an excursion period of 4.9 
msec, whereas melting was complete if the pe- 
riod was reduced to 3.3 msec. For the reactor 
having zirconium-uranium fuel plates, the cor- 
responding periods were 12.2 and 8.6 msec. In 
these reactors the only important shutdown 
mechanism was steam formation. In the UO, 
reactor, steam formation was relatively unim- 
portant. The effect of Doppler broadening was 
the major shutdown mechanism, although gamma 
heating of the water was also important. In this 
reactor a period of 4.34 msec did not result in 
fuel melting or jacket melting. The temperature 
distribution within the element at this period is 
shown in Fig. 11. The jacket temperature is 
actually relatively low. Obviously, in this case 
the maximum temperature reached is strongly 
dependent on the magnitude of the Doppler co- 
efficient of reactivity. The coefficient used for 
the calculation was —1.67 x 107°/°F, corre- 
sponding to an average temperature coefficient 
of the resonance integral (1/c)(do/dT) of 6.7 x 
10-*/°F, and a low-temperature resonance es- 
cape probability of 0.80. 

Since the reactor period of 4.34 msec repre- 
sents an applied excess reactivity of about 2.2 
per cent, it appears unlikely that a sufficiently 
severe accident would occur to cause fuel 
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Figure 11—Temperature versus distance from the 
fuel-element center for a representative time after a 
nuclear excursion period of 4.34 msec (for a cylindri- 
eal zirconium-clad UO, fuel element).? 


jacket melting in a UO,-fueled reactor under 
the conditions analyzed. However, other initial 
conditions must be considered before the pos- 
sibility of melting can be dismissed.” In par- 
ticular, in a reactor of this type, a reactivity 
excursion occurring during full-power opera- 
tion might be considerably more serious, since 
the hottest fuel elements would normally be op- 
erating with center temperatures well above 
3000°F, and any reactivity reduction due to the 
Doppler coefficient would have to result from 
an additional temperature increment above this 
value. 


Loss-of-Coolant Accident 


Reference 8 treats a severe loss-of-coolant 
accident in a UO,-fueled reactor having the same 
characteristics as the UO,-fueled reactor men- 
tioned above. In the postulated accident the re- 
actor has been operating at full power up to the 
time of a sudden large break in the primary 
system which drains the water to a level below 
the bottom of the core in10sec. Afterany given 
segment of fuel element is uncovered, it is 
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cooled by natural convection of steam, with ul- 
timate heat loss to the walls of the reactor ves- 
sel. The initial operating power of the reactor 
is 500 Mw(t), corresponding to an average spe- 
cific power of about 17 Mw per ton of uranium. 
The initial water temperature (before the break 
in the system) is 540°F, and the final pressure 
in the system (from ¢ = 10 sec onward) is 25 
psia. The radial power distribution is taken into 
account approximately by dividing the core into 
two radial zones of equal volume, with different 
uniform power densities in each: three-fourths 
of the total power is assumed to be generated in 
the central zone and one-fourth in the outer 
zone. The rate of chemical reaction between 
zirconium and steam is taken as the time de- 
rivative of the following equation, whichis based 
on isothermal reaction-rate data: 





4) 


v = 336.5¢” exp —( SRT 


where v=volume (STP) of hydrogen evolved, 
ml/cm? 
t=time, sec 
R=gas constant = 1.987 cal/(mole)(°K) 
T =temperature of Zircaloy, °K 


In applying the equation, the temperature, T, 
was taken as the average temperature (axially) 
in the appropriate core zone. , 


The analysis treats the temperature history 
of the fuel and cladding, and the amount of zir- 
conium cladding consumed by the zirconium- 
steam reaction, up to the time that melting of 
the cladding occurs. The treatment of the mol- 
ten material is deferred for further investiga- 
tion. 


The results show that, until the Zircaloy tem- 
perature reaches 2000°F, the contribution of the 
heat of chemical reaction to the temperature 
rise is small; thereafter its effect increases 
rapidly. This temperature is reached by the 
cladding at the mid-point of fuel elements inthe 
central zone after about 700 sec. The mid-point 
cladding reaches the melting temperature after 
about 970 sec. By the time of melting, each fuel 
element in the central zone of the reactor has 
lost, at its mid-point, 5.5 mils of Zircaloy, or 
20 per cent of its cladding, by oxidation. The 
chemical reaction in the colder outer zone of 
the reactor at the same time is insignificant. 


Reaction Rates 


References 5 to 7 and 9 consider the rates of 
metal-water reactions, possible methods of ob- 
taining further experimental information on the 
kinetics of the reactions, and the current status 
of the over-all problem of predicting what (if 
any) possible sequences of events could lead to 
important releases of chemical energy in water- 
cooled nuclear reactors and what the magnitude 
of such releases might be. The answers to the 
latter problem are not now available, and the 
difficulty of the problem does not encourage the 
expectation that complete answers will soon be 
obtained. The important aspects ofthe problem, 
as outlined in reference 7, are summarized as 
follows: 


1. It seems clear that no rapid chemical re- 
actions are to be expected unless the metal in 
question reaches the molten state. Melting is 
necessary for a reaction under nuclear reactor 
conditions because it is the only reasonable 
process by which the metal can become suf- 
ficiently finely divided to offer a large surface 
to contact the water or steam. Melting is also 
favorable to a reaction because it can lead to 
the production of fresh metallic surfaces, free, 
at least momentarily, of oxide. Thus the first 
step in investigating the possibility of a reac- 
tion must be to determine the possibility, and 
the probable extent, of melting. Once the con- 
ditions of the hypothetical accident have been 
defined, reasonable estimates of the extent of 
melting (by nuclear heat) can be made by meth- 
ods such as those treated in references 1 to 4 
and 8. 

2. Once the condition of melting has been es- 
tablished, the question is how much surface the 
molten metal actually does present to the water 
or steam. If the molten metal is thought of as 
existing in droplets, dispersed in the water, one 
needs to know the effective size of these drop- 
lets. This question is thought to be probably the 
most difficult in the whole problem. Possibie 
mechanisms of dispersal are agitation and tur- 
bulence produced by the rapid formation of 
steam and the release of gaseous fission prod- 
ucts by ruptured fuel elements. However, an 
adequate theoretical analysis of these effects 
seems improbable, and meaningful experiments 
are hard to devise. 

3. The chemical reaction at the surfaces of 
the droplets will proceed at a rate determined 
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by, among other things, the surface tempera- 
ture of the droplet. Thus a heat-transfer prob- 
lem exists in determining this surface tempera- 
ture as a function of time, as heat is added by 
the chemical reaction and is lost to the sur- 
rounding steam and water. Although this prob- 
lem has not been solved, it would appear to be 
amenable to solution, provided, of course, that 
the relation between surface temperature and 
reaction rate is known. 

4. Finally, it is necessary to establish this 
relation between surface temperature and re- 
action rate. Since the melting points of all met- 
als of concern in reactors are far above the 
critical temperature of water, the chemical re- 
action of interest will always be a metal-steam 
reaction, although the layer of steam that sepa- 
rates the metal from liquid water may, in some 
cases, be quite thin. Reference 6 reviews ex- 
perimental andtheoretical information on metal- 
gas reactions and points out that there are two 
rate factors of fundamental importance: the 
rate at which water molecules collide with the 
reacting surface and, after the reaction has 
proceeded far enough to form an oxide coating 
on the surface, the rate at which the water (or 
the metal) can penetrate this surface barrier. 
The first of these factors, if controlling, should 
give a reaction rate that is constant in time (a 
linear increase in reaction product with time), 
whereas the second factor should yield a reac- 
tion rate which, for constant conditions, de- 
creases with time as more and more oxide is 
added to the barrier layer. The reference’ re- 
views the various rate laws that have been used 
to fit experimental data and suggests that, at 
the present stage of knowledge, the information 
useful for reactor-accident analysis can be en- 
compassed by a law of the form 


AW = K,t/[1 + K,t'?/Kyf(ry, AW) 


where AW= weight gain of metal sample 
per unit initial area, g/cm? 
t= time, sec 
k,,K, = constants for the system, func- 
tions of temperature and pres- 
sure 

f(ro, WW) = geometric term, depending on 
the initial radius, 7, of the 
reacting material and the ex- 
tent of reaction, AW (f=1 for 

plane geometry) 


For fast nuclear transient cases, K, will be the 
quantity of primary importance. An upper limit 
for K,, derived from simple kinetic theory, is 


K, = 16p/V2nRMy,o T 


where p=pressure of the water vapor, 
dynes/cm? 
My,o = molecular weight of H,O 
T = absolute temperature, °K 
R= gas constant = 8.314 x 10’ ergs/ 
(mole) (deg) 


Reference 7 concludes that the understanding 
of the chemical kinetics of the problem is rea- 
sonably good but that further experimental data 
are needed. Reference 9 is an investigation of 
methods for gathering further data for trouble- 
some metals, such as zirconium, which are dif- 
ficult because they react vigorously with the 
known crucible materials. 


ANL Experiments 


An experimental program on metal-water re- 
actions is under way at ANL.'°"'” The laboratory 
techniques include both the electrical melting of 
metal wires in water and the contacting of a 
molten-metal surface by a pulse of water vapor 
admitted by quick-acting valves. In addition, 
preliminary results of uranium-water experi- 
ments in the TREAT reactor have been pub- 
lished.!!>12 

The TREAT reactor is designed to produce 
large excursions of nuclear power and has ir- 
radiation tubes in which samples, in suitable 
containers, can be subjected to large short- 
duration bursts of neutrons. The design of the 
reactor has been described in references 13 to 
15. Additional physics data on the reactor are 
contained in references 16 and 17. 

The tests reported were made on small cy- 
lindrical samples of uranium metal, 0.5 in. long 
by 0.2 in. in diameter, enriched to 20 per cent 
u?%5, Some of the samples were of pure ura- 
nium, whereas others were of uranium—5 per 
cent zirconium—1.5 per cent molybdenum. For 
most of the tests, the samples were immersed 
in about 35 cm’ of distilled water, ina stainless- 
steel autoclave which was installed in a TREAT 
irradiation thimble. The space above the water 
surface was filled with helium at 20 psia. In 
one case, however, only enough water was con- 
tained in the autoclave to saturate the helium 


REACTOR HAZARDS: METAL-WATER REACTIONS 41 





220 | T l | | | 


200 F— A | 


480 }— 


be 
> 


460 }— : —- 
140 }— _ 

” — 
420 -— 

R 

& 


100 F— 


ENERGY INPUT TO PIN (Q), CAL/G OF U 


60 


40 My I 
20 |— — 
0 a ee Oe ee ee ee 


0 20 40 60 80 4100 420 4140 460 14180 
ENERGY OF REACTOR TRANSIENT (E), MW-SEC 











Figure 12—Correlation between pin energy and reac- 
tor energy.!? A, gold foil. e, Mo”, O, Ba!?°, 









SOLID SOLID+LIQUID LIQUID 
+e * 











PERCENTAGE REACTION OF METAL 
fo) 





| | | { | 
0 20 40 60 80 1400 120 1440 460 180 
ENERGY OF REACTOR TRANSIENT (E), MW-SEC 





Figure 13— Metal-water experimentsin TREAT.” 0, 
unclad uranium—liquid water. @, uranium clad with 
Zircaloy-2—liquid water. A, unclad uranium—water 
vapor. 


atmosphere. Transient pressure measurements 
were made in the autoclave, and temperature 
measurements were made in the water and in 
the uranium sample. In some cases the uranium 
sample was bare. Alternatively, the sample was 
covered by a Zircaloy-2 cladding in which a 


hole had been punctured at the bottom end; the 
hole diameter was 3 mils in some cases and 15 
mils in others. 

The energy of the nuclear transient was varied 
over a range which, at the low end, produced 
only partial melting of the uranium sample and, 
at the high end, produced complete melting and 
further heating of the liquid metal. In those 
cases which produced melting of the clad ura- 
nium without melting of the jacket, from 0.3 to 
14 per cent of the molten metal sprayed out into 
the water in finely divided form through the hole 
that had been punctured in the jacket. The re- 
sults of the tests are plotted, against energy of 
the transient, in Figs. 12and13. Figure 12 gives 
the relation between the fission-energy input to 
the sample (as measured by gold foils and by 
fission-product determinations on Mo”* and on 
Ba'‘°) and the total energy of the reactor tran- 
sient. Figure 13 gives the percentage of sam- 
ple reacted. Although the different sample types 
have been included in the same curves, the scat- 
ter of the data for a given type appears to be as 
great as the variation betweentypes. Peak pres- 
sures as high as 660 psi were recorded in the 
autoclave. The pressure curves in all cases 
were smooth, with no indications of a shock or of 
pulses having durations significantly shorter 
than the reactor power pulses. 

Reference 18 treats the calculation of metal- 
water reactions, under conditions such as those 
in the TREAT experiments, by means of analog 
computer. The theoretical model consists of the 
metal sample surrounded by a layer of UO, pro- 
duced by the chemical reaction, with the metal 
losing heat to the surrounding water throughthe 
UO, layer. Logarithmic and parabolic rate laws 
for the chemical reaction are considered. The 
report contains a short appendix in which the 
calculations are compared with some of the early 
TREAT results. 
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Changes have recently been made in the AEC 
regulations for radiation protection. The quanti- 
tative aspects of these changes are summarized 
in the following quotations from an AEC press 
release of Sept. 7, 1960. 


The Atomic Energy Commission has revised its 
regulations for the protection of employees in 
atomic energy industries and the general public 
against hazards arising out of the possession or 
use of AEC-licensed radioactive materials. 

The revisions are embodied in amendments to 
Title 10, Chapter 1, Part 20, of the Code of Fed- 
eral Regulations entitled ‘*Standards for Protection 
Against Radiation.’’ The amendments become ef- 
fective on January 1, 1960. 


On May 13, 1960, the President approved recom- 
mendations ] on exposure made to him by the Fed- 
eral Radiation Council for the guidance of agencies 
in the executive branch of the government. The 
numerical values contained in the guides recom- 
mended by the Council are substantially the same 
as the corresponding values contained in the current 
basic recommendations of the National Committee 
on Radiation Protection and Measurements and as 
those incorporated in Part 20 by these amendments. 


The principal effect of the amendments will be to 
limit the lifetime accumulated dose of radiation 
workers to approximately one-third the limits per- 
mitted under the regulation as it now stands. The 
amendments will limit the total external radiation 
exposure that any worker may accumulate beyond 
the age of 18 to an average of five rems per year 
and to not more than three rems in any one quarter. 
Present limits for radiation workers are 0.3 rem 
per week, (or approximately 15 rems a year) with- 
out further restrictions as to accumulated dose. 





*Published in the Federal Register, 25(97): 4402—- 
4403 (May 18, 1960). 


RADIATION PROTECTION REGULATIONS 


Radiation limits as set in the regulations are not 
to be regarded as absolute limits below which no 
hazard from radiation exists and above which an 
individual automatically receives a dangerous dose 
of radiation. The limits may be compared to speed 
limits, which are established to promote traffic 
safety. 


In establishing the limits now incorporated in the 
amendments to Part 20 of the Commission’s regu- 
lations, the National Committee on Radiation Pro- 
tection and Measurements pointed out that the low- 
ering of the limits should not be interpreted as 
indicating that exposures at levels currently per- 
mitted by the regulations have caused damage. 
NCRP said changes, rather, were based on a desire 
to bring radiation standards into accord with new 
trends of scientific opinion and to reflect awareness 
of the probability of a large future increase in ra- 
diation uses. 


The amendments provide a basic table showing 
the quarterly levels of radiation to which all 
workers may be exposed, and these levels are 
as follows: 


1. A level of 14 rems per calendar quarter 
for the whole body; the head and trunk, active 
blood-forming organs; the lenses of eyes; or the 
gonads. 

2. A level of 18*/, rems per calendar quarter 
for the hands and forearms or for the feet and 
ankles. 

3. A level of TY, rems per calendar quarter 
for the skin of the whole body. 


The licensee may permit an employee to receive 
a greater dose than that listed in the basic table [the 
dose levels from this table are listed above] pro- 
vided that the quarterly dose to the whole body from 
radioactive material and other sources of radiation 
in the employer’s possession does not exceed three 
rems and the dose to the whole body — when added 
to the employee’s accumulated dose of radiation in 
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previous jobs—does not exceed that arrived at by 
a formula based on the individual’s age.[*] 

To permit exposure above the limits in the basic 
table, the employer first must make reasonable at- 
tempts to obtain reports of the employee’s previous 
occupational exposure to radiation and must take 
these exposures into account in determining how 
much additional exposure an employee may receive. 

In the absence of exposure records for an em- 
ployee, the employer is to be guided by a table of 
assumed occupational exposure for the worker. 


The amendments include a comprehensive re- 
vision of the concentrations of radioactive material 
to which employers may expose persons in areas 
under their control or which may be released by the 
employer into the environment without specific ap- 
proval by the Commission. 

With respect tomost isotopes listed, the principal 
changes in the values set forth in the new tables are 





is 


*Total accumulated dose = 5(N — 18) rems, where N 
the individual’s age at his last birthday. 


a reduction to one-third in the concentrations of 
those radioisotopes having their principal effect 
upon the gonads or the whole body and the lowering 
of others to control exposure of the gastrointestinal 
tract to 15 rems per year. 

The reductions in these values do not modify the 
basic approach of the Commission with respect to 
levels of radiation and concentrations of radioac- 
tive materials inunrestricted areas — that is, areas 
which are outside the control of the employer. The 
Commission’s regulations are designed to make it 
unlikely that individuals in unrestricted areas re- 
ceive exposure inexcess of 10 per cent of the limits 
established for radiation workers. 


The above quotations are intended only as a 
general description of the quantitative changes 
in the regulations. The Code of Federal Regu- 
lations itself should, of course, be consulted for 
the full text, for the tables of radiation levels 
and permissible concentrations of radioactive 
isotopes, and for the administrative require- 
ments of the regulations. 


Section 
VIII 





Development of Carbide Fuels 


Uranium carbides are being studied as reactor 
fuel materials by several organizations that are 
conducting research and development programs 
to determine the basic physical properties of 
the material, the effect of irradiation on its 
properties, its compatibility with cladding ma- 
terials, and economical methods of fabricating 
carbide fuel pellets.'~® 

Desirable characteristics for nuclear fuels 
are high uranium density, low parasitic absorp- 
tion cross section for neutrons, a high melting 
temperature with no phase change up to the 
melting point, high thermal conductivity, com- 
patibility with cladding and coolant, good me- 
chanical stability andthermal-shock resistance, 
a high degree of irradiation stability, and the 
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ability to retain a high percentage of the gaseous 
fission products. 

The two fuel materials that are now widely 
used—uranium metal and uranium dioxide — 
both satisfy most of these criteria, but both 
also are seriously deficient in at least one re- 
spect. The stability of the metal under irradia- 
tion at high temperature is so poor that the 
probability of developing a long-lived high- 
temperature uranium-metal element appears 
very doubtful. Uranium dioxide, although ex- 
cellent in most respects, suffers from very low 
thermal conductivity. Uranium carbide is ex- 
pected to have good irradiation stability (refer- 
ences 3, 4, 7, and 8) and is known to have a 
thermal conductivity several times that of UO,. 
Thus the carbide seems to offer the possibility 
of avoiding the major weaknesses of the two 


Table VII-1 COMPATIBILITY OF URANIUM CARBIDES WITH METALS, LIQUIDS, AND GASES‘ 





Compatibility with Metals 


Aluminum: Work at Oak Ridge® has shown the reaction between aluminum and uranium carbide at 620°C to vary as a 


function of carbon content, as shown below: 


Reaction’ between aluminum and UC at 620°C 





Reaction* occurring with alloy shown 
~.. 








Time at U-9.2 U-8.24 U-7.98 U-6.96 U—5.75 U—4.86 U—4.46 
620°C, hr wt.% C wt.% C wt.% C wt.% C wt.% C wt.% C wt.% C 
4 NR NR NR NR NR NR AV= 1.2% 
10 NR NR NR NR AV = 71% AV = 88% cD 
16 NR NR NR NR 
24 NR NR NR 5% UA, 
AV = 4.6% 
48 NR 5% UAIs 1% UAIs, 
1% UA, 
AV = 0.6% 
14 NR 5% UAIs 
96 4% UA, 





*NR = no reaction; AV = change in volume of specimen; CD = complete disintegration. 


(Table continues. ) 
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Table VIII-1 (Continued) 





Beryllium: Boettcher and Schneider" found beryllium to bond to UC at 650°C in 12 hr under a pressure of 15 kg/mm’. 
Murray and Williams t found reaction between U,C; or UC, and beryllium between 600°C and 1000°C. 


Bismuth: No reaction between molten bismuth and UC was observed during heating to 950°C and subsequent cooling. - 
At 1100°C, bismuth does not react‘ with either UC, or U,C3, both of which are considered to be more reactive than 
the monocarbide. 


Lead: Molten lead will not wet UC by dipping. ' 
Molybdenum: Reaction between UC and molybdenum was observed metallographically after sintering® at 1200°C. 
Nickel: Nickel has been deposited on UC by both vacuum evaporation and electrolytic deposition. Annealing of these 


specimens for 10 min at 1000°C produced two layers between the UC and the nickel: one was U,Ni, and the other was 
of unknown composition.” 


Nichrome V: A mixture of 30 vol.%4 UC in Nichrome V showed metallographic evidence of reaction and melting after 
sintering ® at 1200°C. 


Niobium: Metallographic evidence of reaction between niobium and UC was observed after sintering™ at 1200°C. 


Niobium-titanium: A niobium—40 at.% titanium alloy in contact with UC was found to react, producing a molten phase ® 
at 1200°C. 


Silicon: Siliconization was found to take place at 1000°C, producing USi; on the surface of UC in contact with silicon 
metal, '° 


Sodium and Nak: Nichols“ reports satisfactory compatibility of UC with NaK at 800°C after one month’s exposure. 
Price et al.’ ran tests involving cast uranium—5 wt.% carbon specimens held in molybdenum or type 304 stainless- 
steel baskets immersed in NaK-filled stainless-steel capsules. After two to six weeks at 1300°F and 12 weeks at 
1100°F, the carbide specimens were intact except for minor weight losses. 


Steel: Mild steel was found to react with uranium monocarbide® at 1000°C in 24 hr. 


Stainless steel: Stainless steel could not be bonded to uranium monocarbide at 650°C in 12 hr under a pressure” of 15 
kg/mm’, Uranium monocarbide was found to react’ with stainless steel in 24 hr at 1000°C. Type 304 stainless steel, 
used tocontain UC specimens in a NaK environment, was embrittled’ by an exposure of 12 weeks at 1100°F. Nichols" 
reports that UC and stainless steel are compatible at 1000°C and that 0.004-in. penetration occurred during six days 
at 1100°C. 


Tantalum: Tantalum will displace uranium from uranium monocarbide. The reaction is slow at 1000°C but becomes 
rapid near the melting point of uranium monocarbide,. 


Tin: Molten tin will not wet uranium carbide by dipping." 


Titanium: Nichols“ reports that reaction occurs between UC and titanium at 1100°C, the penetration amounting to 
0.005 in, in six days at temperature. Very marked reaction was observed at 1200°C. 


Zinc: Molten zinc will wet uranium carbide by dipping. ' 


Zircaloy-2: Zircaloy-2 was found to react with uranium carbide in 1 hr at 1200°C (reference 17) but not at 800°C (ref- 
erence 18). 


Zirconium: Zirconium was bonded touranium carbide at 650°C in 12 hr under a pressure” of 15 kg/mm’. Considerable 
reaction was observed between zirconium and uranium carbide®*™ at 1000°C and 1200°C in 24 hr. 


Compatibility with Liquids and Gases 


Air, oxygen, and nitrogen: Uranium monocarbide is attacked very slowly by moist air at room temperature, but it can 
be handled in bulk form if exposure to moisture is minimized, as by storage in a desiccator. It is reported that UC, 
is attacked more rapidly in air than is UC. Thus the presence of UC, as a second phase in UC may accentuate this 
difficulty. 


Uranium dicarbide reacts with both oxygen and nitrogen at a rate which is parabolic as a function of temperature. At 
300°C, the reaction with oxygen becomes anisothermal. A summary of these data appears below: 
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Corrosion of uranium dicarbide in water vapor, nitrogen, and oxygen 


Corrosion rate 


’ 





Test Linear, Parabolic, 

medium Temp., °C mg/(cm?)(sec) (mg /cm?)?/sec 
29 mm H,O 50 0.04 

(references 150 0.66 

20 and 21) 200 3.2 
H,O vapor 250 6520 

(reference 300 9210 

20) 300 6840 
Nitrogen 400 16 

(reference 600 860 

22) 700 3300 
Oxygen 150 6.1 

(reference 200 75 

21) 250 900 

300 Anisothermal 


Water: It has been generally noted that UC has very poor compatibility with water at any temperature. Nichols re- 
ports that rapid decomposition results from exposure to water at temperatures above 80°C. The gaseous reaction 
products evolved during hydrolysis of UC at 83 to 400°C were analyzed by Litz.”* The liberated gas was composed of 
hydrogen and methane with a hydrogen concentration varying from 12 per cent at 83°C to 100 per cent at 400°C. At 
all temperatures the solid reaction product was UO). Appreciable rates of reaction between water and uranium car- 
bide have been noted at temperatures”? as low as 40°C. Several investigators have determined the corrosion rate of 
the dicarbide in water vapor as summarized previously. The results indicate that the rate is linear at 200°C and be- 
low but is parabolic above this temperature. 


Alkalies and acids: Concentrated acids will react slowly with UC at room temperature, the reaction rate increasing 
with temperature.” Alkalies will readily decompose”® UC). 


Organics: Some organic materials react with the carbides of uranium. When UC was exposed in glycerin at 100°C, a 
weight-loss rate of 50 mg/(cm?)(hr) was measured,” Terphenyl (Santowax R) corroded UC at the rate of approxi- 
mately 5 mg/(cm?)(hr) at 350°C, probably as a result of traces of contained moisture. A weight loss of 0.4 mg, (cm?) 
(hr) occurred during exposure”® of UC to ethylene glycol at 150°C. 


Halogens: Uranium dicarbide will react with the halogens, usually to form compounds of the UX, type. The results are 
summarized below:?4 


Reaction of UC, with the halogens”‘ 


Reactant Temp., °C Product Comments 
Chiorine 350 Volatile chloride 
600 UC], 
Fluorine 30 No reaction 
30 Explosive reaction 

Bromine 390 Ignites in bromine vapor 

800—900 UBr, 
Iodine 500 Ul 


CQ,: Uranium monocarbide oxidizes at 500°C in a CO, atmosphere at an 8-atm gas pressure. 


H,S: Uranium monocarbide ignited in H,S at 600°C producing a sulfide.”4 
NH;: Uranium dicarbide was partially decomposed by NH, at a red heat.?4 
Hydrogen: UC is compatible with hydrogen, if no second phases are present. * 


Solvents: Acetone, alcohol, benzene, carbon tetrachloride, kerosene, xylene, and Zyglo solutions did not react with UC 
during a 5-hr exposure at room temperature.’ 
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currently used fuel materials. With regard to Table VIII-2 PHYSICAL PROPERTIES OF , 
the other desirable properties of nuclear fuels, URANIUM, THORIUM, AND PLUTONIUM CARBIDES 
uranium carbide has a significantly higher ura- Theoreti- 
nium density than UO,, has a very low parasitic Melting Crystal Lattice cal den- 
absorption cross section, and should compare point, struc- param- sity, 
favorably with UO, on mechanical stability and hes ture eters, A g/cm 
thermal-shock resistance. Its melting point is uc? 2400 FCC, a = 4.9598 + 13.63 
a bit lower than that of UO,, but not enough NaCl 0.0003 
lower to counteract seriously the effect of its type 
higher conductivity. The range of materials U;C, Decompoesss BCC = * 6 
tibl ith : bide diff “ at 1775°C 0.0005 
compatible with uranium car i ers sig- uC, 2400 Bet, a= eee 11.68 
nificantly from that compatible with the oxide. CaC, 0.003, ¢ = 
A very serious obstacle to the early widespread type 5.980 + 
use of uranium carbide is its poor compatibility 0.005 
, " PuC 1850 FCC, a = 4,97 13.6 
with water. But in some nonaqueous reactors — NaCl 
particularly in the sodium-cooled reactors— type 
uranium carbide looks very promising. Pu,C; 1900 BCC a = 8.129 12.7 
The results of numerous tests of the compati- — a si yi silt 
bility of uranium carbide with various materi- type 
als are summarized in Table VIII-1. Obviously, ThC, 2655 Mono- a = 6.53, 
much of the information is fragmentary, and clinic = b = 4.24, 
considerably more investigation would be needed > : mg 
to define the range of applicability of uranium 
carbide. *Specific heat for UC is 0.048 + 0.003, cal/(g)(°C) at 
Some physical and mechanical properties of 125°C and is 0,053 + 0.003 cal/(g) (°C) at 250°C. Electrical 
uranium carbides are listed in Tables VII-2 resistivity is 100+4 ywohm-cm for sintered UC with a 
F 9 density of 10.82 g/cm? and is 40 pohm-cm for as-cast UC 
and VIII-3. Figure 14 compares the thermal with a density that is 98 per cent of theoretical. 
conductivities of UC, UC., and UO,, and Fig. 15 
compares the thermal-expansion coefficients of Table VIII-3 SOME MECHANICAL PROPERTIES 
UC and UO). OF URANIUM-CARBON ALLOYS‘ 
Although the amount of irradiation testing has 
: 3 : Rupture strength, . 
been small, it has given encouraging results. ; psi Elastic 
Most of it has been done by BMI; the results of eee ee 
: 3 hardness, Trans- Com- lus, 
this work, to July 1960, are summarized in Material kg/mm? verse pressive 10° psi 
Table VIII-4, from reference 8. Some of the ir- 
radiations were made in the Battelle Research Cast U- 
vn ‘ 4.6 wt.% C* 900 9,600 
Reactor (BRR), but those giving the higher ex- Con O~ 
posures were made in the MTR. The MTR 5.2 wt.% Ct: 
specimens were 2 in. long and *4 in. in diame- As cast 600 54,500 31.5 
ter, of melted and cast UC, ground to diameter. ocr lg a 
Each irradiation capsule contained a stack of Pane 52 he 
two specimens separated by a '/,-in.-long UC at 1500°C —«-760 
spacer of the same diameter as the specimens. Cast U- 
A small cylinder of UC of the same diameter — c* 850 13,600 
and '/, in. long was used at eachend of the stack ee ene ee 
to reduce end effects. The stack of bare UC Sintered UCS: : 
cylinders was supported in aclose-fitting cylin- Density, 10.84 
drical basket of 304 stainless steel, of expanded- g/em? 700 + 150 42,500 + 
xy Density, 10.2 5,500 
metal construction, which offered negligible g/em? 850 4 150 


restraint to deformation of the samples. The 





basket was centered in the considerably larger 

irradiation capsule, and the remaining space Siete te 
was filled with NaK to a level above the top of emaleeense 99. 
the specimen stack. §Reference 10. 


*Reference 27. 








for) 
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Figure 14— Thermal conductivities of UC, UC,, and 
UO. O, U—5.2 wt.% C, arc cast. O, U—4.9 wt.% C, 
are cast. A, U—5.3 wt.% C, arc cast. @, U—4.8 wt.% 
C, sintered. #, U—4.8 wt.% C, sintered. A, UC), sin- 
tered. The UC and UC, data are from reference 4, 
which lists additional references. The UO, data are 
Hedge and Fieldhouse values taken from Canadian 
Report CRL-55 (AECL-754) by O. J. C. Runnalls; this 
report also lists additional references. 


The results (Table VIII-4) indicate that the 
radiation-induced dimensional changes are 
small and that the fission-product release is 
small, approximately equal to that estimated to 
result from fission recoil. The reference’ states 
that no correlation can be observed between the 
burnup level and the changes in diameter or 
density. Some cracking occurred in all the MTR 
specimens, and the cracking may be responsible 
for some or all of the observed changes in gross 
dimensions. Both radial and transverse cracks 
occurred, and some spalling of the surface oc- 
curred in several specimens. 

One of the specimens from capsule BMI-23-2 
(nominal exposure 5000 Mwd/ton) was heat- 
treated, after exposure, for 8 hr at 2000°F 
under vacuum in a quartz tube. The specimen 
disintegrated into particles. During the heat- 
treatment the fission-gas release was low; the 
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Figure 15— Thermal-expansion coefficients! of UC 
and UO,. 0, U—4.8 wt.% C, heated, density 10.84 
g/cm’, sintered. A, U-—4.8 wt.% C, heated, density 
13.60 g/cm’, cast. O, U—4.6 wt.% C, heated, density 
12.87 g/cm’, sintered. @, U—4.6 wt.% C, cool, density 
12.87 g/cm’, sintered. The UC data are from refer- 
ence 4, which lists additional references, The UO, 
curve is from the data of M. D. Burdick and H. S., 
Parker, J. Am. Ceram. Soc., 39(5): 181—187 (1956). 


Kr® release was 2.04 x 10~° cm’. This may be 
compared to a release of 12.0 x 107° cm during 
irradiation and a total estimated production of 
8.0 x 107? cm®. An unirradiated specimen sub- 
jected to the same heat-treatment experienced 
no appreciable change. The significance of the 
behavior of the irradiated specimen is not clear. 
If it indicates a temperature limitation sub- 
stantially below the melting point of UC, it may 
be quite important. 

It is probably too early to say which methods 
show the most promise for making high-density, 
economical, uranium carbide fuel pellets. Many 
methods of synthesizing uranium carbide and 
fabricating pellets are being evaluated.' It is 
not evident, of course, that the irradiation per- 
formance of the melted and cast material can 
be assumed typical for material made and fab- 
ricated by other processes. 
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Some of the methods under investigations are: 


1. Heating a mixture of powdered uranium 
metal in a flowing stream of methane gas to 
form powdered uranium carbide. 

2. Reacting uranium metal with hydrogen to 
form powdered uranium hydride and heating the 
resultant powder in a flowing stream of methane 
to form powdered uranium carbide. 

3. Heating a UO, powder and carbon mixture. 

4. Pressing a mixture of UO, powder and 
carbon into pellets and heating the pellets. 

5. Cold pressing a mixture of uranium powder 
and carbon and sintering the pellets. 

6. Hot pressing a mixture of uranium powder 
and carbon. 

7. Arc melting uranium and carbon. 


The pellets are formed from the powdered UC 
by pressing and sintering, by slip casting and 
sintering, or by arc melting and casting. 

Uranium and carbon can be simultaneously 
synthesized and pelletized by hot pressing or 
by arc melting and casting. 

If pellets of desirable nuclear and mechanical 
properties can be fabricated by an economical 
process, it seems probable that their use will 
be advantageous in those reactor types in which 
they do not encounter incompatible materials. 
Uranium carbides seem to be compatible with 
sodium and NaK and are being considered as 
fuels for sodium graphite reactors by Atomics 
International. Uranium monocarbide is the ref- 
erence fuel for the second core loading of the 
Hallam Nuclear Power Facility.® 

Nuclear Development Corporation of America 
made an analytical evaluation of PuC-UC in 


existing fast-breeder reactors.? Carbide fuel 
elements were substituted in the core of the 
Enrico Fermi Fast-Breeder Reactor (EFFBR), 
and their effects on reactor heat-transfer char- 
acteristics, nuclear characteristics, and fuel- 
cycle costs were calculated. Comparisons were 
made with fuels of uranium—10 per cent molyb- 
denum and PuO,-UO,. The results are sum- 
marized in Table VIII-5. 

It was concluded that, if certain reasonable 
performance goals can be achieved, a fuel-cycle 
cost reduction by a factor of 2 to 3 (relative to 
metal fuel) is possible. This reduction would 
be due to the increased burnup and power- 
generation capabilities of PuC-UC compared to 
presently available metallic fuels. A factor of 
2 increase in fuel pin diameter and a factor of 
4 decrease in the number of fuel pins required 
appeared to be possible with UC-PuC compared 
to uranium—10 per cent molybdenum at maxi- 
mum carbide temperatures well below the 
melting point. With PuO,-UO, fuel, the low 
thermal conductivity requires a reduction in fuel 
pin size below that of uranium—10 per cent 
molybdenum, and a large increase inthe number 
of fuel pins is needed. 

Uranium carbide yields a smaller critical 
mass in the fast reactor than does uranium —10 
per cent molybdenum. The PuC-UC core critical 
mass is larger than the PuO,-UO, core because 
of greater amounts of U?** present. The lower 
fuel density and softer neutron spectrum caused 
by the introduction of carbon in UC yields a 
lower breeding ratio than uranium—10 per cent 
molybdenum. PuC-UC, however, has a higher 
breeding ratio than uranium —10 per cent molyb- 


Table VIII-5 SUMMARY OF CONCEPTUAL DESIGN RESULTS’ 








EFFBR EFFBR EFFBR EFFBR 
Reactor U—10% Mo core UC core PuC-UC core PuO,-UO, core 

Heat-transfer characteristics: 

No. of fuel pins per subassembly 144 36 36 225 

Fuel pin diameter, in. 0.148 0.289 0.289 0.104 

Corresponding maximum fuel temp., °F ‘ 1135 2900 2900 3900 
Nuclear characteristics: 

Calculated breeding ratio 1.12 1.09 1.57 1.48 

Critical mass, kg U** or Pu’*® 433 397 279 253 
Estimated fuel costs: 

Fuel fabrication cost, $/kg (U + Pu) 540 —— 46" == —=§50*—— 2200* 

Assumed burnup, at.% of U + Pu 1.25 1.25 2.0 5.0 2.0 5.0 2.0 

Fuel cost, mills/kw-hr (Pu at $30/g) 8.8 14.47.4338 6.4 2.9 18.1 

Fuel cost, mills/kw-hr (Pu at $12/g) 11.7 10.0 7.4 4.9 5.9 3.4 16.4 





*Based on pressing, sintering, and grinding pellets. Relaxation of tolerances to eliminate grinding will reduce fuel- 


cycle costs more on plutonium cores than on the others. 
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denum due to the presence of plutonium as a 
fissile material, and a higher breeding ratio 
than PuO,-UO, due to its higher fuel density. 

The reduction in cost of the UC core as com- 
pared with the uranium—10 per cent molybde- 
num core is due to fabrication savings resulting 
from the use of fewer pins and to the higher 
burnup. The relative cost of UC or PuC-UC fuel 
is dependent on the plutonium cost as shown, 
with a $30 per gram cost favoring UC fuel and 
the $12 per gram cost favoring PuC-UC fuel. 
Fuel costs were predicted to be much higher for 
PuO,-UO, fuel than for PuC-UC fuel because of 
the large number of small pins required. 

In summarizing the present status of carbide 
fuels, it can be said that their use offersa 
promising means of reducing fuel-cycle costs 
for some reactors, but more information about 
their irradiation behavior and their compati- 
bility with cladding and coolant materials is 
needed to prove their practicability. Very little 
irradiation information has been obtained to 
date. Numerous irradiation tests were sched- 
uled to be started in 1960, and these results 
will probably be available some time in 1961. 
Some short-term tests have shown carbide fuels 
to be compatible with sodium and Nak, and they 
are therefore being considered most seriously 
as fuels for sodium-cooled reactors. They react 
with water to a degree that causes uranium 
monocarbide to disintegrate in a short time, and 
they react to a lesser degree with many other 
coolants and cladding materials. Some doubt, 
however, has been expressed as to the value of 
some of the past compatibility tests that were 
conducted with uranium carbide of questionable 
composition.! Efforts are being made to develop 
carbide fuels which are compatible with water. 
A solid solution of ZrC and UC which was evalu- 
ated by Combustion Engineering appeared to 
have a considerable resistance to water and 
steam! at 100°C. 


Fission-Product Release 


A series of tests with ThO,-UO, fuel speci- 
mens having intentional defects was conducted 
over a six-month period of operation in the 
EBWR to obtain information on irradiation be- 
havior of thoria-urania fuel.'° There is anacute 
need for such data because of the increasing 
use of oxide fuels and because of the scarcity 
of quantitative information on the effects of 
failures. 


The objectives of the tests reported in refer- 
ence 10 were: 

1. To study the rate of release of fission 
products from a defective thoria-urania fuel 
element 

2. To study the distribution of the fission 
products throughout the reactor system 

3. To attempt to assess the hazards involved 
in operating a boiling-water reactor fueled with 
a ceramic fuel which contains defects in the 
cladding 


Two specimens were used, one in Test 1 and 
the other in Test 2. The specimen used in 
Test 1 was small and was tested primarily to 
determine the order of magnitude of activity 
levels; the specimen used in Test 2 was much 
larger. The fuel pellets used in the specimens 
were prepared by cold pressing a ThO,-U,O, 
mixture and then firing in air at 1750°C. The 
final composition was 90 wt.% ThO,—10 wt.% 
u’59,. The pellets were then encased in a 
stainless-steel tube. Physical details of the 
specimens are listed in Table VIII-6. To en- 
sure sensitivity to control-rod motion, each 
specimen was fitted into a coolant channel of an 
EBWR natural-uranium fuel element adjacent to 
a control rod. 


Table VII-6 FUEL TEST SPECIMENS” 








Test 1 Test 2 

Composition, wt.%: 

UO,,; 10 10 

ThO, 90 90 
Density: 

g/cm? 9.7 9.1 

% of theoretical 95 90 
u*5 enrichment, wt.% U 93 93 
wt. U5, ¢ 2.73 43.5 
Pellet diameter, in. 0.300 + 0.001 0.312 + 0.002 
Fuel length, in. 3.1 48 
Fuel sheath clearances 

(cold), in.: 

Diametral 0.004 0.010 

Axial 0.125 0.125 
Sheath material Stainless steel Stainless steel 
Sheath thickness, in. 0.035 0.025 
Sheath defect: 

Location Center of fuel Top of fuel 

Diameter, in. 0.010 0.020 





The rate of release of fission-product gases 
was studied by taking samples of air ejector 
gases during reactor operation. These samples 
were analyzed by chemical means and by the use 
of a 200-channel gamma-ray spectrum analyzer 
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for the four nuclides Xe'®, Kr**, xe! , and 
Xe!33, 

The distribution of fission products in the 
steam system was studied by placing material 
specimens, representative of turbine construc- 
tion materials, in the steam line before the 
steam dryer and by placing other specimens, 
representative of condenser construction mate- 
rials, along the top row of condenser tubes. 
These samples were counted in a 256-channel 
gamma-ray pulse-height analyzer. Also, sam- 
ples of reactor water and effluent from the ion- 
exchange resins were taken throughout the test, 
and the gross beta-gamma count rate was deter- 
mined with a gas flow proportional beta counter. 
Samples of reactor water were also withdrawn 
through four stainless-steel tubes which were 
located close to, in the vicinity of, and far re- 
moved from, the defective element. 

The tests were conducted over a power range 
from 5 Mw(t) to 26 Mw(t). Operating charac- 
teristics of the two fuel specimens at 20 Mw(t) 
are listed in Table VIII-7. Central tempera- 


Table VII-7 OPERATING CHARACTERISTICS” OF 
FUEL SPECIMENS; REACTOR POWER 20 Mwit) 











Test 2 
Test 1 Maximum Average 
Reactor operation, 

Mwd 787 2016.7 
nvt, neutrons /cm? 2.7 x 10” 7.0 x 10% 4.0 x 10 
Burnup, at.% U5 — 1.2 $2 1.9 
Thermal-neutron 

flux, neutrons/ 

(cm?)(sec) 8 x 10” 8 x 10” 4.6 x 10” 
Fissions/sec 3.2510" 4.83x10" 2.81 x 10” 
Surface heat flux 

(fuel): 

watts/cm? 52 48 28 

Btu/(hr)(sq ft) 1.65 10° 1.52x10° 0.89 x 10° 
SR(T) dT, 

watts/cm 10 9.6 5.6 
Temperatures, °C: 

Central 900 1300 1000 

Surface (fuel) 650 1000 800 





tures were calculated from thermal conductivity 
values of ThO,, on the assumption that the UO, 
content was small enough to neglect. Surface 
temperatures used for the calculation of central 
temperatures were determined by assuming an 
average gap width (see Table VIII-6) between the 
fuel and cladding and by assuming that this gap 
was filled with steam. The cladding surface 
temperature was assumed to be 3°C higher than 


the EBWR bulk water temperature (T,,) which 
was taken at 254°C (490°F). 

One of the most significant observations dur- 
ing the tests was made at the air ejector moni- 
tor while control rods were being moved. At 
constant power, withdrawal of the control rod 
adjacent to the specimen caused a peaking in 
the count rate. This phenomenon was probably 
due to the temperature increase in the fuel; this 
increase would cause (1) an expansion of the 
fission gases in the space between fuel and 
cladding and (2) an ejection of a burst of fission- 
product gases through the cladding defect. Low- 
ering of the same control rod had no effect on 
count rate. A method of detecting and locating 
fuel cladding defects in operating reactors 
might be based on this burst effect. 

When reactor power was increased, release 
rates of all fission gases increased. Immedi- 
ately after power was decreased, all release 
rates fell sharply. Release rates of short-lived 
gases then returned to a new Steady level. The 
longer-lived gases continued to increase for a 
period of a few days, after which they fell to a 
new low steady rate. The initial reduction in 
release rates was expected since the tempera- 
ture decrease within the gap caused the fission- 
gas pressure to drop below reactor pressure. 
The behavior of the longer-lived gases might be 
attributed to fuel cracking during the transient, 
releasing the longer-lived gases from pores that 
previously had been closed. 

Observed fission-gas release rates were cor- 
rected by subtracting the release rate that was 
observed when no defect was present. This 
background rate was probably due to recoils 
from uranium oxide contamination on the sur- 
face of the EBWR elements. From these ob- 
served release rates, it was determined that the 
ratio R/Y was proportional to 1/VX, where R is 
the rate at which gas was escaping fromthe de- 
fect (atoms/sec), Y is the fission yield, and Ais 
the decay constant of the gas (sec™'). Fission- 
gas release from an unclad fuel pellet under ir- 
radiation was shown to follow the relation 





Riaryp 
y oF DK 


where F is the number of fissions per second 
and D’ is the special diffusion constant for the 
fuel as defined by Booth and Rymer.*! In a de- 
fective fuel element, however, an additional dif- 
fusion process takes place in the space between 
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the fuel pellet surface and the cladding. The 
reference suggests that this additional process 
has more effect on the release rate of the 
short-lived nuclides, whereas diffusion through 
the oxide is probably rate controlling for the 
long-lived nuclides. 

Release rates obtained were compared to 
published data on the VBWR at Vallecitos andon 
the PWR at Shippingport. It was shown that 
radioiodines are released at a higher rate from 
a VBWR (UO,) or PWR (UO,) defect than from 
the EBWR defect. This was also verified in the 
BORAX-IV (ThO,-UO,) experiment.®” VBWR and 
PWR radioiodine release rates due to defects 
were nearly equal to those of fission-product 
xenon and krypton, whereas in the EBWR the re- 
lease was not appreciable. It was concluded 
that possibly ThO, retains iodine in the crystal 
lattice to a greater extent than UO, does. 

In the EBWR tests, iodine release rates were 
obtained from reactor water samples. No iodine 
activity was reported at the stack, probably be- 
cause of a high decontamination factor afforded 
by the water in the reactor and the main con- 
denser. Despite the additional release rates of 
xenon and krypton from the defect, stack activi- 
ties were still well below maximum permissible 
concentrations for release to the atmosphere. 

Examinations of the metal specimens in the 
steam line and in the condenser were conducted 
after each test. Gamma-ray spectra indicated 
the presence of Co™® and Co®, but no charac- 
teristic fission-product activities could be ob- 
served. It was concluded that any deposited 
fission-product activity was very small com- 
pared to Co activity. This would indicate that 
the main radioactive nuclides that escape from 
the defect are fission-product gases and that 
the main activities throughout the system are 
due to these gases or their decay products. 

Both tests showed that, with one defect pres- 
ent in EBWR, the activities throughout the sys- 
tem were about the same as with no defect (and 
a slight amount of uranium contamination) pres- 
ent. In the reactor circulating water and in the 
condenser, N" activities predominated; whereas 
in the reactor water, fission-product activities 
were orders of magnitude lower than those from 
activation products such as Na“4, Mn, or Co, 

Reference 33 is a recent study of fission- 
product release from UO,, in which all infor- 
mation available up to the fall of 1959 is con- 
sidered and correlated. It indicates that alarge 
increase in fission-gas release occurs above 


the sintering or grain-growth temperature. On 
inspection of the fuel irradiated in the EBWR 
tests, no signs of melting or recrystallization of 
the thoria-urania were detectable. This grain- 
growth effect would be important to evaluate if 
the ThO,-UO, fuel were considered for use ina 
reactor in which portions of the fuel operated at 
these higher temperatures, as is usually the 
case. Useful information for determining maxi- 
mum activity levels throughout the reactor sys- 
tem could also be obtained from a test designed 
to simulate fission-gas release following a 
cladding defect which occurred after a buildup 
of fission gas had occurred in the fuel-cladding 
gap. 

A review of the literature describing inert 
fission-gas release from natural-uranium 
specimens is given in reference 34. All but one 
of the papers reviewed conducted the gas- 
release portion of the tests during postirradia- 
tion heating. Quantitative correlation of the 
various test results was not possible; however, 
it was shown that postirradiation temperatures 
and surface conditions of the specimens were 
two controlling factors in the rate of gas re- 
lease. Diffusion coefficients were assigned to 
xenon and krypton, but discrepancies of several 
orders of magnitude in these values led to the 
conclusion that the process of gas release in 
natural uranium is not diffusion in the classical 
sense. 

Specimens with polished surfaces released 
xenon at a slower rate than those with sand- 
blasted surfaces, suggesting that surface area 
is a significant parameter. Oxidation of the 
uranium surface further enhanced the release 
rate, as indicated by sweeping the specimen, 
during postirradiation heating, with various 
oxidizing atmospheres. Heating in a vacuum, in 
gettered (high-purity) argon or in ungettered 
argon atmospheres, illustrated this dependence. 

The temperature used in postirradiation heat- 
ing had the greatest effect on gas-release rates. 
Below about 900°C, the gas release was about 
1 per cent of the total present inthe specimens. 
In the vicinity of 1000°C, as high as 64 per cent 
release of the total gases present was measured. 
This region of transition was marked by gross 
swelling of the uranium. Diffusion constants 
calculated for the lower gas-release region were 
generally lower for krypton than for xenon, al- 
though the actual time dependence of the re- 
lease was not obvious. It should be noted that 
more rapid diffusion of the heavier atom, xenon, 
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is contrary tothe classical diffusion mechanism. 
In the region around 1000°C, when gross swell- 
ing occurred, gas release was so erratic that 
the data could not be evaluated; however, ther- 
mal cycling from room temperature to about 
1000°C was shown to increase the gas release 
in this region. : 

One paper was reviewed which described the 
release of xenon from uranium during irradia- 
tion. The diffusion constants calculated for this 
case were higher than expected, on the basis of 
postirradiation release data, but the differences 
might be attributed to the method of measure- 
ment. 

Future study areas were proposed for deter- 
mining the mobility of inert gases in uranium. 
It was suggested that unirradiated uranium, 
containing inert gases introduced into the metal 
by nonirradiation techniques, be used in these 
studies. Studies conducted in reactor environ- 
ments, however, should yield more meaningful 
results for application to fuel-element design. 
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Section POWER DEMONSTRATION REACTORS 
IX 





A bibliography! has been published which lists Reference 
the reports issued on 10 reactors of the Power 
Reactor Demonstration Program. The 310 re- 
ports listed cover the following reactors: Elk 
River, Enrico Fermi, Florida, Hallam, Parr 
Shoals, Pathfinder, Piqua, Puerto Rico, Saxton, 
and Yankee. ture Search, USAEC Report TID-3556, June 1960. 


1. J. M. Jacobs, comp., Selected Reactors of the 


Power Reactor Demonstration Program, a Litera- 
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Section 
X 





Several reports relating to organic-moderated 
reactors have been published this year. Ref- 
erence 1 is an account of the reactor physics 
calculation methods used in the design 
of the Organic-Moderated Reactor Experiment 
(OMRE) and gives the results of the calcula- 
tions. The report is useful for an understanding 
of the reactor, although certain changes were 
made in the design after the calculations de- 
scribed in the reference. 


Reference 2 is a physics analysis of the use 
of plutonium in an organic-moderated reactor. 
The study treats plutonium of an isotopic com- 
position considered to be typical of that recov- 
ered from slightly enriched uranium fuel irra- 
diated to 10,000 Mwd/ton. Three modes of 
loading the plutonium are considered: (1) a uni- 
form mixture of uranium and plutonium in all 
fuel elements; (2) separate elements of uranium 
and plutonium-aluminum alloy, uniformly dis- 
tributed in different proportions throughout the 
core; and (3) separate uranium and plutonium- 
aluminum elements segregated into zones inthe 
core. U5 enrichments from 0.72 to 2.5 per 
cent are considered, with plutonium admixtures 
from zero to 2 per cent relative to the total 
uranium. The effects of the plutonium concen- 
tration on reactivity, reactivity lifetime, con- 
version ratio, and intracell power distributions 
are considered. The results are of considerable 
interest for the specific reactor lattice consid- 
ered. Basically this lattice consisted of an array 
of square fuel assemblies made of uranium—3.5 
wt.% molybdenum alloy plates clad with finned 
aluminum and contained in a square stainless- 
steel box. When separate plutonium-fueled ele- 
ments were used, it was assumed that the pluto- 
nium would be contaired in plutonium-aluminum 
alloy plates of thickness equal to that of the 
uranium-molybdenum plates. The metal-to- 
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organic volume ratio was held constant for all 
cases. 

Reference 3 is a summary of reactor physics 
and heat-removal calculations which were made 
to arrive at a choice between square plate type 
fuel assemblies and round double-annular as- 
semblies for the Piqua organic-moderated re- 
actor. The two assembly types are shown in 
cross section in Fig. 16. Both assemblies em- 
ploy aluminum-clad uranium alloy fuel elements 
with fins on the aluminum cladding. The fins on 
the plate type elements are longitudinal, whereas 
those on the annular elementsare spiraled. The 
annular elements were arranged in the reac- 
tor core in an equilateral triangular pattern, 
whereas the plate type assemblies were con- 
sidered in two different square arrays: aclose- 
packed array and a spaced array. 


Of the three arrangements considered, the 
square, spaced lattice was found to be least at- 
tractive, primarily because of high flux peaking 
near the organic channels at the edges of the 
assemblies. In most respects, the annular ele- 
ment was found to be most attractive. In par- 
ticular, the flux peaking within the element was 
quite low because of the symmetrical distribu- 
tion of the fuel and because the flux peaking in 
the moderator-filled central hole approximately 
balanced the effect of the flux peak due to the 
moderator surrounding the assembly. Relative 
performances of the three types of elements in 
the Piqua core, and comments on their relative 
advantages and disadvantages, are listed in 
Table X-1. The main potential disadvantage of 
the annular element is that growth of the ura- 
nium fuel may have a greater effect onthe cool- 
ant channel thickness. 

Reference 4 summarizes the fuel-element de- 
velopment work for the Piquareactor. It covers 
both the fabrication process andtesting. During 
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Figure 16 —OMR fuel assemblies.’ (a) Plate type assembly. (b) Double-annular assembly. 


Table X-1 RELATIVE PERFORMANCE OF THREE TYPES OF FUEL ELEMENTS® 











Square fuel element 

















Circular 
Spaced Close packed fuel element 
Total flow rate 1.37 1.79 1.0 
Core pressure drop 1.08 0.73 1.0 
Core pumping power 1.48 1.31 1.0 
Reactor diameter and length 0.99 0.79 1.0 
Fuel-cycle costs 1.41 1.42 1.0 
Enrichment, % 2.0 3.4 2.0 
Element flux peaking 1.63 1.30 1.05 
Advantages: Low enrichment; upper Low flux peaking in the Low enrichment; upper 
grid plate can readily element; smaller grid plate can readily 
be used core; moderate flow be used; low flux 
rate peaking in the ele- 
ment; low flow rates 
Disadvantages: High flux peaking in the Difficult to use upper Fuel cylinder growth due 


element; high flow 
rate 


grid plate; high en- 
richment 


to burnup 
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the development, the fuel-element design was 
changed from the flat plate type to the double- 
annular type as a result of considerations such 
as those mentioned above. The report covers 
the work on both types. 


The basic objective of the fuel-element de- 
velopment program was to develop an element 
with a maximum life expectancy of 5000 Mwd 
per metric ton of uranium (3000 Mwd/metric 
ton for the average life), which would require a 
fuel enrichment of less than 2 wt.% U?**. Metal- 
lurgically, the reference fuel element to meet 
these objectives consists of a fuel alloy of 
uranium—3.5 wt.% molybdenum—0.1 per cent 
aluminum, bonded metallurgically through a 
nickel diffusion barrier to a finned cladding 
of 2S aluminum. The uranium-molybdenum- 
aluminum alloy has been chosen over uranium- 
molybdenum and uranium-molybdenum-silicon 
for its high creep strength. 


The steps in the manufacture of a tubular fuel 
element are briefly described. The uranium 
derby and the other alloying metals are vacuum- 
induction-melted and cast into graphite molds 
which have been outgassed by vacuum and coated 
with magnesium zirconate. The cast tubular 
section, approximately 13 in. long, is machined 
on inside and outside diameters to obtain the 
required tolerance of +0.003 in. on wall thick- 
ness and to meet the ovality specification. The 
tubular sections are then degreased, degassed in 
vacuum for a minimum of 12 hr, grit-blasted, 
washed in methyl alcohol, andelectroplated with 
nickel. The cleaned inner and outer cladding 
tubes of finned aluminum are slipped onto the 
plated uranium tube, and aluminum rings which 
serve as end plugs are slipped in between the 
two cladding layers at each end. The inner and 
outer clad tubes are Heliarc welded to the end 
plugs, with water-cooled chill blocksusedon the 
inside and outside diameters of the cladding. 
The assembly is then helium leak-tested and 
evacuated, at room temperature and then at 
1000°F, through an evacuation tube which is 
subsequently closed by hotknifing. The cladding 
is then bonded to the uranium by isostatically 
pressing the assembly by argon pressure at a 
temperature of approximately 1000°F and a 
pressure of 4 to 5 tsi. 

Testing of the fuel elements for metallurgical 
bond between the uranium and the cladding pre- 
sents a problem. A satisfactory nondestructive 
test has not yet been developed. 


After the clad fuel sections have been fabri- 
cated, they must be assembled into a full-length 
assembly; then the annular stainless-steel can, 
which defines the inner and outer boundaries of 
the coolant flow passages (see Fig. 16), and the 
end fittings must be added. This assembly is 
done by a straightforward welding procedure. 
The completed fuel assembly consists of two 
coaxial stacks of the tubular segments inside 
the annular steel flow can, each stack containing 
eight segments. 


Three of the plate type fuel assemblies have 
been tested in-pile, and one additional plate type 
assembly and -one tubular assembly are cur- 
rently under irradiation in the OMRE. The first 
two assemblies tested contained some plates of 
uranium-molybdenum alloy and some plates of 
uranium-molybdenum-silicon alloy rather than 
the uranium-molybdenum-aluminum alloy which 
is the present reference material. The assem- 
blies were irradiated in the OMRE to approxi- 
mately 2300 Mwd/ton and were removed because 
of damage which resulted from blocking of the 
coolant passages by deposited materials (re- 
viewed in the September 1960 issue of Power 
Reactor Technology, Vol. 3, No. 3). It was con-. 
cluded from examination that the damage didnot 
result from a deficiency in the fuel assemblies, 
and the performance of the assemblies was con- 
sidered satisfactory during their residence in 
the reactor. The third plate type assembly, con- 
taining plates of the uranium-molybdenum- 
aluminum alloy, was irradiated for 4000 Mwd 
per metric ton of uranium before it was re- 
moved for examination. Preliminary examina- 
tion showed no evidence of any failure, and only 
one plate, that subjected to the highest burnup, 
showed a change after exposure. This change 
amounted to a dishing in one area, a decrease 
of thickness, and an increase of length. 

The conclusions of the report are as follows:‘ 


The development program for the Piqua fuel ele- 
ment is essentially complete. Through this work, it 
has been determined that ternary alloys, based on 
U-3.5 Mo, can be cast into thick sections and are 
stable under the operating conditions for the Piqua 
reactor. Aluminum is a suitable cladding material 
for such alloys, for use at temperatures of 750°F in 
organic media. A process has been developed and 
tested for the fabrication of an extended-surface 
tubular fuel element, which is an advanced element 
design. Hot isostatic pressing has proved success- 
ful for the metallurgical bonding of the components 
for such elements, and the use of infrared tech- 
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niques has shown the greatest promise for the non- 
destructive testing of these bonds. 


The goal of 3000 Mwd/ton for the average life 
of the uranium-metal fuel elements is a rela- 
tively low one, but the chance of exceeding it by 
a large margin seems to depend on the use of a 
higher percentage of alloying material. The eco- 
nomic attractiveness of this approach would de- 
pend on how much additional alloying material 
would be required and would involve a balance 
between the advantages of longer fuel life and 
the disadvantages of increased parasitic absorp- 
tion of neutrons. The major economic advan- 
tages of long fuel life are reductions in the fuel 
cost components due to fuel fabrication costs 
and chemical processing costs. Of these, the 
latter are nearly inversely proportional to the 
fuel life, as measured in megawatt days per ton, 
for large-volume processing of slightly enriched 
fuels. For a given type of fuel element, the fab- 
rication cost is also inversely proportional to 
the megawatt days per ton, but the proportion- 
ality factor may be quite different for fuels of 
different types. For example, there isno reason 
to presume that the cost of fabricating a pound 
of uranium-metal fuel would be the same as the 
cost of fabricating a pound of uranium oxide fuel 
because not only are the densities of the mate- 
rials quite different but the degree of subdivision 
of the fuel and the manufacturing processes 
differ widely also. These rough generalizations 
do not specify a minimum acceptable life for 
fuel of a given type, but it is evident that the 
problem of fuel life is sufficiently important to 
stimulate the search for other fuel materialsas 
alternates for uranium-metalalloys. Reference 
5 is a survey of possible dispersion type fuels 
for this application. 

Although a number of dispersions appear to be 
of interest, present information does not seem 
to single out one as the outstanding candidate. 
Those presently considered to be most promis- 
ing are listed, with some comments, in Table 
X-2. They have been arranged in four groups, 
and the characteristics of the groups are well 
summarized by the following quotation from the 
reference:° 


Group I: Aluminum and magnesium matrix ele- 
ments are listed under Group 1 of Table X.[*] Such 
fuel elements would be characterized by a ductile 
but structurally weak diluent and a strong brittle 
dispersed phase. The primary disadvantages of 
these elements are the low melting point and low 
strength of the matrix materials. Fortunately, both 





Table X-2 COMPARISON OF MOST PROMISING 








DISPERSIONS*® 
Fuel,t 
Dis- g of U 
Diluent persant per cm? Remarks 
Group I 
Al or APM UC 3.24 AF favors reduction 
of UC 
Al or APM UN 3.48 AF favors UN 
slightly 
Al or APM U,Si, 2.83 No Al-Si compound 
for Si 
Mg or Mg alloy UA], 1.66 No AF data available 
Mg or Mg alloy UC 3.24 AF favors UC 
strongly 
Mg or Mg alloy UN 3.48 AF favors UN 
Group II 
Zr or Zr alloy UC 3.24 AF favors reduction 
of UC 
Zr or Zr alloy uo, 2.40 AF favors reduction 
of uO, 
Zr or Zr alloy U;Si, 2.83 No AF data available 
Cb UC 3.24 AF favors reduction 
of UC 
Cb UO, 2.40 
Group III 
Be UAI, 1.66 No Be-Al compound 
for Al 
Be UC 3.24 Be-UC reaction 
of 600°C 
Be UN 3.48 AF favors reduction 
of UN 
Be uo, 2.40 Be-UO, reaction 
at 600°C 
Be U;Si, 2.83 No Be-Si compound 
for Si 
Group IV 
Graphite UC, 2.65 Compatible 
Graphite uo, 2.40 UO, reduction 
at 1200°C 





*See W. C. Hayes, Review of the Proposed Matrix Fuel- 
Element Development for AOMR, Report TDR-4664, 
Nov. 17, 1959. 

425 vol.% dispersant, 75 vol.% matrix. 


aluminum and magnesium have high thermal con- 
ductivities, and this in part offsets the two disad- 
vantages mentioned. 


Group II: Zirconium and columbium matrix ele- 
ments are listed under Group II of Table X.[*] Dis- 
persions of this type are characterized by a mod- 
erately strong and ductile matrix and a strong 
brittle dispersed phase. The good high-temperature 





*Table X-2 in this Review. 
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strength and the small likelihood of catastrophic 
melting are two major advantages of such systems. 
Columbium does not have an exceptionally low ab- 
sorption cross section, and this fact alone may rule 
the material out as a matrix material. 

Zirconium will require a completely reliable 
cladding material because of its poor corrosion re- 
sistance to the organic coolant (see Table II).[*] The 
use of zirconium cladding over a zirconium matrix 
element will be dependent upon the development of 
a zirconium alloy or diffusion coating which will be 
compatible with the coolant. 

Thus far, compatibility studies of columbium with 
organics have not been made. Use of stainless-steel 
cladding on either columbium or zirconium would 
present bonding problems. 


Group III: Beryllium matrix fuelelements are in- 
cluded in Group III of Table X.[t] Fuel elements of 
this type would be composed of a moderately strong 
brittle matrix and a strong brittle dispersed phase. 
The high strength and melting point of beryllium 
make it attractive for AOMR operations. The fact 
that it is so brittle may be detrimental. 

Beryllium shows very good compatibility with 
organics. Claddings for beryllium elements have not 
been definitely established. Roll-cladding of several 
different materials on beryllium has formed hard 
brittle diffusion products at the beryllium interface, 
resulting in bond weakening [Report BMI-728]. 


Group IV: Graphite matrix fuel elements are 
listed in Group IV of Table X.[t] Such systems are 
characterized by a relatively brittle nonmetallic 
matrix and a strong brittle dispersed phase. 
Graphite is attractive because of its good high- 
temperature strength and good thermal-conductivity 
properties. Unfortunately, the material is brittle 
and does not retain fission products. Corrosion re- 
sistance in organic coolants will probably be good 
[Report HW-55516]. 

By cladding the graphite element, the effects of 
both brittleness and poor fission-product retention 





*This table is not included in this Review. 
+Table X-2 in this Review. 


will be minimized. The choice of cladding materi- 
als, of course, will be dictated by such factors as 
internal pressure to be sustained and compatibility 
with organics. Cladding studies have been made for 
gas-cooled-reactor applications and should be no 
problem in AOMR work. 


The uranium density in the dispersion (grams 
of uranium per cubic centimeter of fuel), listed 
in Table X-2, is an important quantity because 
it determines the enrichment requirement ofthe 
fuel. In an appendix, reference 5 lists the re- 
quired enrichments for most of the dispersants, 
on the assumption that the volume density of 
u?%> in the fuel element is the same as that in 2 
per cent enriched uranium—3.5 wt.% molybde- 
num metal. The required enrichments range 
from about 7 per cent to about 21 per cent. This 
evaluation is, of course, a very rough one be- 
cause many other factors enter to determine the 
required enrichment. It does, however, point up 
the fact that the attainment of sufficiently high 
uranium density for good neutron economy may 
be a serious problem with dispersion fuels. 


References 


1. R. O. Williams, Jr., and R. F. Wilson, A Summary 
of Nuclear Calculations for the Organic-Moderated 
Reactor Experiment (OMRE), USAEC Report NAA- 
SR-4066, Atomics International, May 15, 1960. 

2. T. J. Connolly, Plutonium-Enriched OMR Cores, 
USAEC Report NAA-SR-4812, Atomics Interna- 
tional, May 1, 1960. 

3. E. B. Baumeister and J. D. Wilde, Selection of the 
Piqua OMR Fuel Element, USAEC Report NAA- 
SR-4239, Atomics International, Mar. 15, 1960. 

4. M. H. Binstock, Fuel-Element Development for 
Piqua OMR, USAEC Report NAA-SR-5119, Atomics 
International, June 30, 1960. 

5. J. Kroehler, Jr., Dispersion Fuels for Advanced 
Organic-Moderated Reactor, USAEC Report NAA- 
SR-5018, Atomics International, June 30, 1960. 


Section 


Xl 





The Experimental 
Gas-Cooled Reactor 


The EGCR is an experimental reactor which 
will produce 22 Mw of electric power for the 
local grid and which contains several experi- 
mental through loops for in-pile testing of re- 
actor fuels and structural materials.! 

The reactor core is a vertical, cylindrical, 
graphite structure, with vertical channels for 
the fuel, control rods, and experimental loops, 
and with other miscellaneous channels. Each 
active fuel channel is filled with six 29-in.-long 
fuel assemblies, each of which consists of a 
cluster of seven stainless-steel-clad fuel rods 
containing slightly enriched UO, pellets. 

The reactor coolant is helium gas at a nomi- 
nal pressure of 300 psi. It enters the bottom 
of the reactor at 510°F and leaves the top at 
1050°F. The coolant then flows to two separate 
loops, each of which contains its own heat ex- 
changer and blower. In the heat exchangers, 
steam is generated and superheated to 900°F at 
1300 psi. The steam plant is of conventional de- 
sign, including a single-pressure, nonreheat 
steam turbine and a 3600-rpm generator which 
generates gross power of 29.5 Mw(e). 

The design of the EGCR plant and the asso- 
ciated research and development program are 
being performed under the combined efforts of 
Kaiser Engineers Division of the Henry J. Kaiser 
Company, the Nuclear Power Department of the 
Allis-Chalmers Manufacturing Company, andthe 
Oak Ridge National Laboratory (ORNL). 

The design of the EGCR prototype plant is 
nearly complete, and construction is inthe early 
stages. Ground was broken in August 1959 on 
the Gallaher Bend site, which is located within 
the Oak Ridge, Tenn., AEC area. The electric 
power generated will be distributed through the 
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local TVA power system. Construction of the 
EGCR plant as of Oct. 1, 1960, was about 13 per 
cent complete and was on schedule. The first 
stage of the containment shell has been erected, 
and foundation concrete within the shell was being 
poured. Initial criticality is scheduled for De- 
cember 1962, and full-power operation is sched- 
uled for March 1963. 

The EGCR type reactor draws heavily on the 
technological background developed by the Brit- 
ish and French in their gas-cooled-reactor pro- 
grams. Specific aims of the EGCR project are 
to advance this technology to include the use of 
UC, fuel and to increase operating temperatures 
so as to enable the use of modern steam-plant 
equipment. The research and development pro- 
grams associated with the EGCR project are in- 
tended not only to solve the immediate problems 
of the prototype design but alsototry to improve 
the performance of future similar reactors. 

A major portion of the research and develop- 
ment effort under the EGCR project is being 
performed by ORNL and is reported in refer- 
ences 2 and 3. The development of a satisfac- 
tory fuel assembly and related research and 
development are receiving particular attention 
by ORNL. In the course of developing a suitable 
fuel assembly, experiments on heat transfer, 
coolant-gas flow, structural integrity, materials 
compatibility, and fission-gas release have been 
and are being performed. The first EGCR fuel 
will probably be clad in stainless steel, but ex- 
perimental programs are under way to deter- 
mine the suitability of other cladding materials, 
such as ceramics and beryllium, which may 
have improved operating characteristics. The 
Title-II design of the EGCR fuel assembly has 
been completed; an assembly drawing is shown 
in Fig. 17. 

Several alternate designs for the top and bot- 
tom spiders and the intermediate spacers for 
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Figure 17—EGCR Title-II fuel-element assembly.’ 


the EGCR seven-rod cluster fuel assembly have 
been considered. The original H-shaped top and 
bottom spiders were found to cause serious 
maldistribution of coolant flow. The current 
Title-II design of the EGCR fuel assembly uti- 
lizes more symmetric end spider designs which, 
experiments have shown, give more uniform 
coolant-gas distribution. 

The EGCR reactor core and fuel assembly de- 
sign does not provide for rotational alignment 
between adjacent fuel clusters ina process tube. 
The relative location of the fuel rods in adjacent 
clusters is, rather, completely random. The ef- 
fect of relative orientation of adjacent clusters 
on coolant-gas flow and heat transfer has been 


studied by means of mass- removal experiments 
with naphthalene-coated rods. 

The ORNL fuel development program includes 
quite an extensive in-pile capsule test program. 
Fission-gas release data obtained from this 
program indicate that the fraction of fission gas 
released from the UO, increases substantially 
at temperatures above 2900°F, thereby verify- 
ing the previously reported Canadian fission-gas 
release data which indicate that almost 100 per 
cent release will occur at temperatures above 
the UO, grain-growth temperature. This UO, 
grain-growth temperature is in the range 2900 
to 3100°F, much below the 5000°F UO, melting 
temperature previously thought to define the 
onset of rapid fission-gas release. 

The in-pile capsule tests are also being used 
to investigate the dimensional stability and me- 
chanical behavior, under operating conditions, 
of 95 per cent dense UO, pellets having an an- 
nular cross section. Important questions are 
whether a core of inert material must be in- 
cluded to prevent the thermally cracked UO, 
pellets from breaking up and falling into the 
core space and, if such a filler material must 
be provided, what material will be compatible 
with the UO, at the very high temperatures of 
operation. Tests have indicated that, although 
the UO, pellets will probably crack when sub- 
jected to thermal gradients, they remain in rela- 
tively large sections. Furthermore, the powder 
and the fines created during cracking are insig- 
nificant, and there is no shifting of material into 
the core of the pellet stack. It may therefore be 
possible to leave the pellet core as a void and 
thereby provide a relatively large volume within 
the fuel cladding for any fission gas that is re- 
leased. 

The fuel development program for the EGCR 
is looking ahead toward developing more ad- 
vanced reactor core materials than those which 
will be utilized in the first EGCRcore. This in- 
cludes some work on UC, siliconized silicon 
carbide coatings, and other ceramic fuels, buta 
major amount of effort is being placed on the 
development of another metallic cladding, 
beryllium. 

Beryllium tubing has been purchased from 
several vendors, both domestic and foreign, and 
is currently being evaluated. Other testing with 
beryllium includes corrosion testing, compati- 
bility tests, development of brazing and welding 
techniques, and the investigation of irradiation 
properties. The fusion welding of beryllium 
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using an edge weld iscurrently favored by ORNL 
for the cladding tube to end-cap closure. 

A high-temperature beryllium irradiation ex- 
periment in the Oak Ridge Research Reactor 
(ORR) was terminated after a fast-neutron ex- 
posure of 7x 10!* neutrons/cm?. The planned 
exposure was 107! neutrons/cm?, but the experi- 
ment had to be terminated early because of the 
failure of furnace heating circuits. The purpose 
of this experiment was to investigate the irra- 
diation properties of beryllium in general but 
particularly to determine whether the helium 
atoms produced by the reactions of beryllium 
with gamma rays and fast neutrons would cause 
the beryllium to swell. Density measurements 
made on the irradiated beryllium specimens in 
this test showed that swelling of from 1.5 to 5 
per cent occurred. The apparatus was modified, 
and a second test is currently under way to 
check these results. 

Because the EGCR will also be an experi- 
mental reactor, a great variety of combinations 
of experiments, in which each of the eight ex- 
perimental loops can add or subtract a varying 
amount of reactivity, must be considered. ORNL 
is conducting a series of two-group two- 
dimensional computer calculations to deter- 
mine the nuclear physics characteristics that 
will be associated with the loadings in these ex- 
perimental loops. The effect on the reactor flux 
and power distributions is of particular concern. 


Design and Testing 
of Large Gas Ducts 


The gas-cooled commercial power reactors 
designed in Great Britain all have essentially 
the same features of station layout, namely, a 
central pressure vessel, containing the core, 
connected by large gas ducts to the several 
smaller heat exchangers used in the production 
of steam. This ductwork must be designed to 
meet stringent requirements of safety, flexi- 
bility, leaktightness, and pressure drop. Ref- 
erence 4 reviews the various methods of obtain- 
ing flexibility and evaluates each with regard to 
the above requirements. A partial summary of 
the reference is given below. 

There seem to be four practical solutions to 
the problem of providing large ducts with flexi- 
bility. They are: 

1. Short-radius mitered (“lobster back”) 
bends on single large-diameter ducts. 





2. Mitered bends on two or more smaller 
diameter ducts in parallel for each heat- 
exchanger circuit. 

3. Corrugated ducts. 

4. Single large-diameter ducts with three 
tied expansion bellows in each line of ducting. 


In the case of large ducts, the most common 
provision for differential expansion is the use 
of a number of short-radius mitered bends in 
the line. However, even though a large amount 
of theoretical and experimental work has been 
carried out on pipe bend flexibility and stress 
distribution, most of the work was performedon 
small-diameter pipes with large thickness-to- 
diameter ratios rather than on large-diameter 
ducts. Further experiments are needed to vali- 
date an extrapolation of this information to ducts 
with a thickness-to-diameter ratio in the range 
of 1: 100 to 1:150. 


A design with short-radius flexible bends is 
attractive because of its simplicity and because 
of the low initial cost of the ducting. A techni- 
cally feasible design for gas-cooled-reactor 
ductwork is thought to be possible within the 
limits of knowledge of the behavior of short- 
radius pipe bends. At the same time, however, 
this approach requires a complicated duct lay- 
out with a large number of pipe bends which 
would increase other components of the plant 
cost and which would lead to other economic 
losses because of the higher coolant pressure 
drop. 


Multiple small-diameter ducts are attractive 
because their increased flexibility means that 
they will exert much smaller thrusts upon re- 
actor components than will single large- 
diameter ducts, whereas the pressure drop may 
be about the same in the two cases. The main 
disadvantage of this scheme is the increased 
cost that results from duplication of equipment. 


Corrugated ducts offer another solution tothe 
flexibility problem. However, eventhough flexi- 
bility on large ducts can be increased 20-fold 
by corrugations, many serious disadvantages 
exist in this design. Internal gas pressure tends 
to stretch the corrugations, thus increasing the 
total movement which must be absorbed in the 
duct system. Significant bending stresses also 
occur which give risetoacreepproblem. Pres- 
sure drop over a given length of corrugated duct 
is 8 to 10 times greater than that in a smooth 
pipe of the same diameter. 
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A fourth design possibility is the use of large- 
diameter ducts withtied expansion bellows. This 
design requires the least space and has the 
smallest pressure drop. The reduced costs of 
construction and of blower power are considered 
to easily outweigh the cost of the expansion bel- 
lows. The surplus flexibility which usually ac- 
companies bellows design gives extra protection 
to the reactor vessel against unforeseen thrusts 
which result from errors in erection of duct- 
work, differential settlement of the plant foun- 
dations, and maloperation ofthe plant. However, 
because bellows become so highly stressed dur- 
ing operation, they can be a serious source of 
weakness in a pressure circuit unless they are 
designed with extreme care. Expansion bellows 
are used in the ducts of all British gas-cooled 
reactors in service or presently under con- 
struction. 


The reference’ points out that the majority of 
manufacturers of thin-walled commercial bel- 
lows recommend their products as being suit- 
able for service under conditions so severe that 
their materials are subject to stresses which 
bring them well into the plastic range. Although 
these bellows normally perform well, it is ques- 
tionable whether such high design stresses 
should be used in reactor work, where the con- 
sequences of failure may be quite serious. The 
reference recommends that for this service the 
total stress in the convolution wall should not 
exceed the 0.5 per cent proof strength or the 
yield point of the material. The value of the 
applied stress must be obtained by calculation, 
using formulas with empirical constants derived 
from strain-gauge tests on the particular type 
of convolution under consideration. 


During the design of the Bradwell plant, a 
full-size prototype bellows joint was built and 
subjected to the following proof tests: 


1. Standard hydrostatic test (1.5 x design 
pressure + 50 psi). 

2. Tilting test to determine the moment of 
resistance of the bellows unit. 

3. Cold tilt test under designpressure. Strain 
measurements were made on the internal and 
external surfaces of the convolutions and at 
many places on the adjacent ductwork. 

4. Fatigue test to 10,000 cycles at the design 
pressure and temperature, with a tilt per con- 
volution of +0.0015 radian. 

5. Pressurization to four times design pres- 
sure, with strain measurements being taken at 


the bellows convolution and at other highly 
stressed points. 

6. A simulated brittle failure of the tongue, 
under design gas pressure, with measurement 
of transient strains in tie bars and their 
brackets. * 


The valve requirements in gas-cooled-reactor 
systems are also reviewed in the reference.‘ 
Specifications of the Bradwell design for 60- 
in.-diameter valves include the following: 

1. Valves are to be fabricated of mild-steel 
plate. 

2. Materials which are incompatible with the 
fuel cladding material or which become highly 
radioactive are not to be used in the valves. 

3. Valves must give trouble-free service 
without maintenance for 20 years. 

4. No lubricants are to be used on bearings 
that are in contact with the gas stream. 

5. Valves must be capable of giving absolute 
closure against a pressure difference equal to 
the design pressure both in the cold condition 
and in the hot condition at the design tempera- 
ture. (This requirement was later relaxed to 
permit a small amount of leakage.) 

6. Leakage rate of gas from valve glands to 
the atmosphere must not exceed 15 standard 
cu ft/day during the life of the plant. 

7. Pressure drop across a valve in the fully 
open position is not to exceed one-third of a 
duct velocity head. 

8. Valves must be capable of being closed in 
less than 10 sec against a pressure difference 
of 1 atm. 


The butterfly valve chosen for this service is 
closed by means of two independent motions. 
The valve disk is first turned into the closed 
position, and it is then translated onto the valve 
seat by means of a pair of eccentric bushes in 
the valve trunnions. When tested, the valves 
gave leakage rates ranging from 0.4 to 0.7 stand- 
ard cu ft/hr when at 400°C with a pressure dif- 
ference of 10 atmacrossthe disk. The combined 
leakage to the atmosphere from the three glands 
on the valve is less than 4 standard cu ft/day. 





*The tongue is the flexible member, inside the bel- 
lows, which ties the two ends of the ductwork together 
mechanically through the bellows. It takes the axial 
thrust due to gas pressure, while allowing angular 
flexure. The tie rods are notnormally under substan- 
tial tension but must take over if the tongue should 
fail. 
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The reference contains further discussion of 
duct design, installation, and testing, in con- 
siderable detail, with the design of the Bradwell 
station as the focal point. 
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The Stationary Low-Power Plant No. 1 (SL-1), 
formerly called the Argonne Low-Power Reac- 
tor (ALPR), was designed and constructed by 
Argonne National Laboratory (ANL) under the 
auspices of the Military Reactors Branch of the 
USAEC and the U. S. Army. Reference 1 is an 
account of the equipment installation, reactor 
assembly, reactor zero-power experiments, 
plant startup, and plant performance tests for 
this installation. Included are descriptions of 
selected items of equipment and the techniques 
and procedures used in their assembly andtest, 
resumés of the malfunctions encountered, their 
causes and the corrective measures taken, and 
some test results and operating data. 

The SL-1 facility is a prototype of a plant for 
use in remote arctic locations for military ap- 
plications. The reactor is a direct-cycle light- 
water-moderated and -cooled boiling-water type 
rated at 3 Mw(t). 

The reactor core is contained in a steel pres- 
sure vessel (about 4 ft 8 in. in inside diameter) 
and is designed to operate at 300 psig. The 
core is approximately 20 in. in diameter and 
is composed of 531 aluminum-uranium metallic 
fuel plates arranged in 59 assemblies. Control 
is achieved by the vertical motion of a maxi- 
mum of five cruciform-shaped rods and four 
T-shaped rods. Each rod is equipped with a 
rack-and-pinion type drive mechanism mounted 
on the upper head of the pressure vessel. 

The pressure vessel is insulated and mounted 
within a steel shield tank that is enclosed by a 
boral and lead thermal-neutron shield. The 
vessel and shield tank are, in turn, mounted on 
concrete piers that penetrate the floor ofasteel 
building about 60 ft in diameter and 85 ft high. 
The top of the vessel and tank terminate at the 
operating floor, located about 25 ft above the 
base of the building. Radial biological shielding 
is provided by filling that portion of the building 
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which lies below the operating floor with gravel 
after installation of the shield tank. The top 
biological shield consists of a concrete, steel, 
and masonite top hat mounted on the operating 
floor immediately above the shield tank. 

The power-generation equipment is housed 
within the reactor building and is designed to 
produce a maximum of 360 kw(e). In addition, 
400 kw(t) is provided for space heating. The 
turbine exhausts to air-cooled condenser banks 
mounted on the exterior surface of the building. 

The reactor- and power-generating equipment 
are provided with the usual auxiliary systems, 
instrumentation, and controls. The entire fa- 
cility, including the auxiliaries, is operated 
from a central control room located adjacent to 
the reactor building. 

The plant was released to the designer (ANL) 
on July 3, 1958, for installation of all remaining 
components, systems testing, initial startup and 
power operation experiments, and plant per- 
formance tests. These tasks were accom- 
plished, and the plant was released to the op- 
erating contractor, Combustion Engineering Nu- 
clear Division, on Feb. 5, 1959. 

The major equipment components installed 
were the reactor core structure, control rods 
and the control-rod drives, reactor top shield- 
ing, and some reactor instrumentation. Instal- 
lation of these consumed about five weeks and 
was accomplished without incident. Concur- 
rently, preliminary tests were conducted on all 
plant systems. These included flow investiga- 
tions, cleanup, and some equipment performance 
tests. The major difficulties encountered during 
the systems tests were associated with the 
primary-purification-system resin removal, the 
turbine, and the oil leakage from the deep-well 
pump. 

The difficulty experienced during resin re- 
moval resulted from excessive pressure build- 
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up in a flexible hose connecting the resin col- 
umns to the waste system. Replacement of the 
flexible hose with steel pipe corrected the mal- 
function. 

A number of problems were encountered in 
the turbine. First, a minor misalignment, prob- 
ably caused by shield placement subsequent to 
setting of the turbine-generator set, necessitated 
realignment of the turbine and generator. Sec- 
ond, the main reduction gear thrust-bearing 
faces were found to be out-of-tolerance and re- 
quired remachining. Third, the turbine steam 
drains were improperly installed and were not 
provided with individual isolating valves. These 
defects permitted steam to bypass the governor 
valve and resulted in overspeeding of the tur- 
bine. Modification of the drain piping corrected 
the malfunction. Fourth, the main and auxiliary 
pump check valves were found to have been in- 
terchanged during installation at the factory, 
causing the auxiliary oil pump to idle in re- 
verse. Also, the air-cooled turbine oil cooler 
was found to have been installed in the inverted 
position, thereby entrapping air in the cooler 
and reducing cooler efficiency. These deficien- 
cies were corrected, and a successful turbine 
test was accomplished. 

During the plant performance test, the life of 
the second charge of primary-purification- 
system resins was drastically reduced. Upon 
examination, the resins were found to be badly 
fouled with oil. This oil was traced to the oil- 
lubricated bearings of the deep-well pump. The 
resins were subsequently changed, the reactor 
water was cleaned up, and a recommendation 
was made to replace the original deep-well 
pump with one using water-lubricated bearings. * 

The zero-power experiments were conducted 
in the SL-1 facility from Aug. 11to Oct. 9, 1958, 
following the preliminary systems tests. The 
experiments consisted of the initial criticality 
and of both the hot and coldcritical experiments 
for the expected operating loading. The initial 
criticality was obtained with 10 fuel assemblies 
in the central core lattice positions. Two op- 
erating loadings were investigated, one with 40 
assemblies and the other with 59 assemblies. 





*Editor’s Note: After the operation contractor as- 
sumed operation of the plant, extensive oil contami- 
nation of the fuel-element heat-transfer surfaces and 
primary system was discovered. Thorough cleaning of 
these components and systems was required before 
reactor operations were resumed. 


Relative control-rod worths were evaluated for 
all loadings. Experiments were also conducted 
to determine the relative worth of the burnable 
poison strips (boron) attached to some of the 
fuel assemblies. Flux maps, using gold wires, 
were obtained for both the 40- and 59-assembly 
cores. Although a complete list of the experi- 
ments performed is contained in reference 1, 
neither the techniques used nor the specific 
measurements made are given. These details 
will be found in reference 2. 


The power operation experiments were ac- 
complished during the period Oct. 11 to Dec. 11, 
1958. Full power was achieved on Oct. 28, 1958. 
During these experiments, the following items 
were investigated: 


1. A complete checkout of the steam and feed- 
water system, including all the required instru- 
mentation calibrations. 

2. The operation of all safeties was tested, 
including safety valves, high- and low-pressure 
trips, temperature trips, water-level trips, and 
over-power trips. 

3. The calibration of control rods as a func- 
tion of temperature and steam flow was 
determined. 

4. The effects of feed-water and steam-flow 
transients upon reactor power were investigated. 

5. The calibration of both steam bypass valves 
was accomplished. 

6. The automatic power-demand control sys- 
tem was operated, and the optimum travel ratio 
and dead band width were determined. 

7. The turbine-generator was tested for volt- 
age and frequency regulation under load change. 

8. The effectiveness of the biological shielding 
was determined by plant radiation surveys made 
at various reactor and steam-plant power levels. 

9. The performance of the plant was demon- 
strated under simulated operating conditions 
during the period Nov. 19 to Dec. 11, 1958. 


The techniques and results of all measure- 
ments are not given in reference 1. However, 
sufficient information is presented, in the form 
of plant operating records, to make the data 
useful for those interested in the details of the 
plant characteristics. The data consist of re- 
productions of selected plant operating logs, 
recorder charts for both the reactor and steam 
plant, tabulated results of radiation surveys, 
and the results of water chemistry investiga- 
tions. Included in the latter information is the 
effect of hydrogen addition both on dissociated 
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oxygen levels within the primary system and on 
the radiation levels exhibited by this system. 
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Brief descriptions of the experimental reactor 
BORAX-V have been given in the Argonne Na- 
tional Laboratory annual report! for 1959 and 
in papers at the Chicago meeting of the Ameri- 
can Nuclear Society.”* A preliminary design 
and hazards report has beenissued.‘ BORAX-V 
is a modification of and an addition to the 
BORAX-IV plant. It will have a nominal design 
thermal capacity of 20 Mw and an operating 
pressure of 600 psig; the nuclear superheater 
section will yield steam at a temperature of 
850°F. The reactor is scheduled for criticality 
in early 1961 and for operation as an integral 
superheater by mid-1961. A cutaway drawing of 
the reactor is given in Fig. 18. 

Three separate core configurations are to be 
possible in the reactor: a pure boiler core with- 
out superheater, a boiler-superheater core with 
the superheater section at the center, and a 
boiler-superheater core with the superheater at 
the periphery. Operation will be possible with 
both natural and forced circulation of the water. 
The fuel assemblies are all square in cross 
section, the boiler assemblies being made up of 
rods composed of slightly enriched UO, in steel 
jackets and the superheater assemblies being 
composed of thin UO,—stainless steel cermet 
plates. Each superheater assembly contains 
20 fuel plates which are grouped into five sub- 
assemblies, each containing four fuel plates and 
each separated from its neighbors by a water- 
filled moderator channel. A 30-mil static steam 
space is provided as thermal insulation between 
the plate subassembly andthe surrounding water 
moderator. The steam is superheated in two 
passes through superheater assemblies. Each 
superheater assembly is provided with a steam 
pipe which leads up to the steam space near the 
top of the reactor vessel. The pipes to half of 


Table XIII-1 


NUCLEAR SUPERHEATER: BORAX-V 





DESIGN CHARACTERISTICS OF BORAX-V 





Operating pressure, psig 

Maximum steam temperature, 
superheated, °F 

Maximum steam temperature, 
saturated, °F 

Nominal design full power, Mw(t) 

Maximum plant capacity, Mw(t) 


Percentage of heat to steam production 


Percentage of heat to superheating 

Core height, in. 

Core effective diameter, in. 

Total number of fuel assemblies 

No. of superheater fuel assemblies: 
If superheater is centrally located 


If superheater is peripherally located 


Dimensions of fuel assembly active 
region, in. 

No. of cruciform control rods 

No. of T-shaped control rods 

Design maximum temperature, 
superheat fuel plate, °F 

Design maximum temperature, 
boiler fuel rod center, °F 

Water recirculation 


Steam flow through superheater 
Forced-circulation system flow, 
gal/min 
Average power density at 20 Mw, 
kw/liter of core: 
Boiler zone 
Central superheater zone 
Boiler fuel: 


Rod diameter, in. 
No. of rods per assembly 
Superheater fuel: 


Plate thickness, in. 
Plate spacing (coolant channel), in. 
No. of plates per assembly 


4 


y 


600 

850 

489 

20 

40 

83 

17 

24 

39 

60 

12 

16 

4x4x 24 

5 

4 

1200 

3800 

Forced or 
natural 

Two pass 

10,000 

95 

80 

Rods, UO, in 
15-mil, 30 
stainless- 
steel jackets 

0.375 

49 

Plates, highl 
enriched 
UO, in 304 
stainless- 
steel cermet 

0.030 

0.062 


20 
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Figure 18—Reactor with central superheater: BORAX-V.' 


the assemblies are left open as inlets for the 
saturated steam. This steam flows downward 
through half of the assemblies into a plenum at 
the bottom of the reactor vessel where it is 
distributed to the remainder of the superheater 


assemblies and passes upward through them to 
an exit manifold at the top of the vessel. 

The reactor is controlled by nine bottom- 
driven control rods made of boral clad with 
X-8001 aluminum. Five of the rods are cruci- 
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form, and four, located near the core boundary, 
are T-shaped. 

The main design characteristics of the reac- 
tor are summarized in Table XIII-1. 
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Section 
XIV 





The Spray-Cooled Reactor 


Spray evaporation of water is a method being 
considered for reactor cooling in which a mix- 
ture of water and steam is injected into fuel 
channels. This system is therefore different 
from other systems wherein only water or 
steam is injected into fuel channels. Two groups 
are studying spray-cooled reactor systems. In 
Italy, the CISE Laboratories, in conjunction with 
Ansaldo (an Italian engineering firm) and Nu- 
clear Development Corporation of America, are 
studying and conducting tests to determine the 
feasibility of the concept for a power reactor, 
under a contract within the framework of the 
U. S.—Euratom agreement.! In the United King- 
dom, a UKAEA group at Risley has conducted a 
limited study of a small reactor, and another 
UKAEA group at Harwell is conducting tests on 
the heat-transfer and fluid dynamic characteris- 
tics of the system. 

In the reactor core the spray-cooled system 
utilizes a thin film of water on all fuel-element 
heating surfaces together with wet steam flow 
through coolant channels between fuel-element 
heating surfaces. The water film thickness is 
maintained at about 0.005 in. by steam-entrained 
water droplets which are deposited at about the 
same rate as water is removed fromthe film by 
evaporation and disruption ofthe film into spray. 
Steam quality, defined as the ratio of steam flow 
to total mass flow, is maintained at about 20 
wt.% at the coolant channel entrance by inject- 
ing water and steam into the coolant channel. 
Quality at the exit of the coolant channel is about 
60 wt.% steam. Fuel cladding temperatures are 
maintained very close to the saturated-steam 
temperature. 

The spray-cooled system was originally pro- 
posed as a means for avoiding the characteris- 
tic power fluctuations which were thought to 
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limit the power density of boiling-water reac- 
tors.’ In the spray-cooled reactor concept, there 
is no power coefficient of reactivity which re- 
sults from steam voids as there is in boiling- 
water reactors. Since the amount of coolant 
water in the core is small, normal variations 
in water flow should have only a small effect on 
reactivity. Further, because of the small amount 
of coolant water within the core, the opportunity 
exists for achieving a low-enrichment reactor, 
provided that low-absorption materials can be 
used for moderator and structure. Heavy water 
is being considered for the moderator, with 
light water for the spray coolant. The use of 
H,O coolant with a low-absorption moderator 
poses the usual problem of areactivity increase 
in case of loss of the H,O coolant. Reference 1 
cites an estimated case for a reactor 15 ft in 
diameter operating at 1500 psi witha mean cool- 
ant density of 30 wt.%. Complete loss of coolant 
was estimated to increase reactivity approxi- 
mately 1 per cent. It is stated that, although a 
reactivity increase of this amount might be 
safely accommodated by control-rod action 
plus the fuel temperature coefficient of reac- 
tivity, the problem can be reduced by under- 
moderating the reactor. This, in general, would 
mean a fuel-moderator ratio lower than that 
giving maximum reactivity, a consequent in- 
crease in the enrichment requirement, and 
probably an increase in neutron economy. 

The concept of spray cooling, at least at its 
present stage, requires the injection, separately, 
of steam and water into the inlet of each cool- 
ant channel and the production of saturated 
steam. A number of the reactor concepts, how- 
ever, consider the superheating of this steam 
in other fuel-coolant channels which are essen- 
tially gas-cooled channels. In any case a basic 
decision that must be made in the design of the 
spray-cooled system is howto provide the steam 
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for injection at the requiredinlet pressure. The 
pressure can, of course, be supplied by a blower, 
but in those designs which provide for a sub- 
stantial degree of superheating, a more attrac- 
tive solution may be to use a small portion of 
the superheated steam as the heat source for a 
separate steam generator which produces satu- 
rated steam at a higher pressure for injection 
purposes. The quantity of steam required for 
injection can be reduced by the use of a multi- 
pass design. 

As reported in reference 1, the Italian design 
concept is embodied in a natural-uranium- 
metal-fueled reactor with the D,O moderator. 
The reactor is of the pressure-tube type with 
the moderator contained in a calandria tank and 
with thermal insulation between pressure tube 
and moderator provided by an air gap between 
the pressure tube and the calandria tube. The 
design is for a thermal output of 714 Mw. The 
fuel, uranium—2 per cent zirconium alloy clad 
with Zircaloy, is annular in shape. Two con- 
figurations are considered: a cluster of seven 
small annuli within the pressure tube, witheach 
annulus surrounded by a Zircaloy guide tube to 
form a coolant passage (see part a of Fig. 19) 
and a coaxial arrangement of two larger fuel 
annuli about a central Zircaloy rod (see part b 
of Fig. 19). The operating pressure is 800 psi; 
the steam quality is 20 per cent at the coolant- 
channel inlet and 60 per cent at the exit. Steam 
circulation is accomplished by a blower. No 
superheater section is provided; the outlet 
steam-water mixture is separated in a steam 
drum, and the saturated steam is fed directly 
to the turbine. 

The British design study is for a small power 
reactor or reactor experiment with outputs of 
30 Mw(e) and 85 Mw(t) developed from 64 fuel 
channels. Multipass steam flow is used, and a 
superheater section is provided. The steam 
makes three passes through the spray-cooled 
elements and one pass through the superheated 
elements. Steam conditions at the turbine are 
615 psi and 850°F. The fuel is uranium dioxide. 
One of the fuel-element designs considered is 
of the “heat-exchanger” type. The fuel assem- 
bly consists of a Zircaloy calandria can con- 
taining 19 calandria tubes in a hexagonal pat- 
tern. Each tube runs through the center of 
a stack of hollow hexagonal UO, pellets. The 
spaces between the pellet cluster and the outer 
wall of the can are filled with graphite powder 
(see part c of Fig. 19). The reactor is of the 
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(c) 


Figure 19—Spray-cooled fuel elements.' (a) CISE 
fuel element, design A. (b) CISE fuei element, design 
B. (c) UKAEA fuel-elementdesign. (Reprinted by per- 
mission from Nuclear Power, Rowse Muir Publica- 
tions, Ltd., London.) 


pressure-tube type with the D,O moderator con- 
tained in a calandria tank. Stainless-steel- 
jacketed elements are used in the superheater 
section. 
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Some of the informative characteristics of 
the reactor designs using the three fuel-element 
types described above are listedin Table XIV-1. 

Although the spray-cooled reactor has in com- 
mon with the boiling-water reactor the feature 


Table XIV-1 


are in the same range as those in conventional 
boiling-water reactors. Reference 1 states that 
the characteristics of the spray-cooling process 
are sufficiently well known to give confidence in 
the performance of coolant passages which have 


CHARACTERISTICS OF SPRAY-COOLED-REACTOR DESIGNS! 





CISE 


Design A 
(part a of Fig. 19) 


Fuel-element Details 


CISE UKAEA 
Design B Design 
(part 6 of Fig. 19) (part c of Fig. 19) 





Power output from center 
channel, Mw 1.36 
Maximum heat flux, 


Btu/(hr)(sq ft) 363,000 
Mass velocity of coolant, 

Ib/(hr)(sq ft) 0.7 x 108 
Inlet quality, wt.% steam 20 
Outlet quality, wt.% steam 60 
Pressure drop along channel, 

psi 7.65 
Pumping power as percentage 

of thermal output 0.67 
Rating of fuel (maximum), 

Mw/metric ton 25 
Fuel lifetime (expected), 

Mwd/metric ton 6800 
Maximum fuel temp., °C 400 
Core diameter, ft 20 
Fuel channel pitch, in. 8 
No. of fuel channels 660 
Axial form factor 1.302 
Radial form factor 1.263 
Reactor operating pressure, 

psi 800 


1.67 2.5 
469,000 370,000 
1.0-1.3 x 10° 1.1 x 10° 
20 15 
60 50 
14.7 13% pass 
1.3 2.75 
25 30 

6000 
400 2100 
18 9.5 
8.3 9.3 
481 64 
1.249 ~1.5 
1.159 1.88 
800 700 





of steam production within the reactor and the 
consequent possibility of feeding steam directly 
to the turbine, it is hardly reasonable to make 
any further comparison between the two types. 
The spray-cooling concept is being considered 
for applications that are quite different from 
those of the conventional boiling-water reactor 
and for applications in which the conventional 
boiling-water principle might not be suitable. 
Hence the observation that the spray-cooling 
system introduces a number of new complexi- 
ties and new problems is hardly pertinent as a 
comparative criticism. 

The concept appears to involve several possi- 
ble problems or uncertainties. The first is the 
problem of actually maintaining the desired heat 
flow. and steam-water flow characteristics, and 
maintaining them with sufficient reliability to 
make possible the desired heat fluxes, which 


relatively simple shapes. It is the desire tore- 
tain such shapes (e.g., circular and annular) 
which leads to fuel-element configurations that 
may require considerable research and develop- 
ment. Thus, although some of the designs pres- 
ently being considered might involve what ap- 
pear to be difficult fuel-element problems, these 
difficulties are not necessarily inherent in the 
spray-cooling concept. 

A second uncertainty is the degree to which 
solids may be deposited on the walls of the cool- 
ant channels. Reference 1 expresses consider- 
able confidence that this problem will not be 
significantly different from that occurring in 
boiling-water reactors. The water film is ex- 
pected to be maintained on the heat-transfer 
surfaces, and evaporation is expected to take 
place only from the free surface of this film. 
The reference cites the results of Russian work 
pertinent to this problem:® 
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It was remarked above that in the experiments of 
N. G. Patsukov and Yu. O. Novil*] at p = 35 to 43 
atm., the appearance of deposition over the whole 
circumference of the pipe was observedonly athigh 
steam contents (x> 0.7), when the flow rates were 
very high, reaching 30 m/sec, and a thin film of 
liquid remaining on the pipe wall could be partly 
detached, and the remainder be evaporated, leaving 
the wallbare. Naturally,at such high flow rates and 
steam contents, the' position in space ofthe pipe has 
no particular significance, andthe same phenomenon 
would be observedin a vertical pipe also. However, 
at steam contents below 0.7, uniform deposits over 
the whole circumference, indicating evaporation of 
a liquid film on the pipe wall, were not observed® 
even at heat flow above 800,000 kcal/m? hr. 


A related question is whether there will be 
a problem of radioactivity carry-over in the 
steam. Depositions on the heat-transfer sur- 
faces which might have insignificant effects on 
heat transfer could still lead to carry-over 
problems if they remained attached long enough 
to become activated and then were entrained 
with the steam. In the conventional boiling- 
water reactor, the evaporation process pro- 
vides a relatively high decontamination factor 
which reduces the effects of any nonvolatile or 
soluble active materials, including fission prod- 
ucts from defective fuel elements, that may 
exist in the water. Presumably the spray-cooled 
reactor would have a similar, but not neces- 
sarily equal, decontamination factor for the 
steam. This would not hold for radioactive ma- 
terial picked up in any superheater sections of 
the reactor; the same uncertainty holds for 
other types of direct-cycle superheater re- 
actors. 

In reference 1 it is stated that Zircaloy-2 and 
Zircaloy-3 appear to be suitable for use as 
fuel-element jackets in the spray-cooled sys- 
tem. If it should be found that zirconium alloys 
are not satisfactory for use inthe system (where 
steam velocities apparently are much higher 
than in conventional boiling-water reactors, al- 
though the water film is described as a rela- 
tively slow-moving one), much ofthe attractive- 
ness of the concept might be lost. It appears 
quite probable that Zircaloy will be satisfac- 





*N.G. Patsukov and Yu. O. Novi, Investigation of 
the Conditions Determining the Possibility of Deposi- 
tion of Easily Soluble Salts on the Steam-Forming Part 
of Horizontal Pipes, in the symposium on Physico- 
Chemical Processes in Boilers and the Water System 
in High-Pressure Boilers, Gosenergoizdat, 1951. 





tory, but apparently long-term proof tests have 
not been made. 

In addition to the reactivity effects of coolant 
loss, the thermal effects must, of course, also 
be considered. Reference 1 states that, in the 
event of failure of the water flow to any coolant 
channel, the steam flow alone will keep the tem- 
perature down to the region of 450 to 600°C and 
that Zircaloy may be expected to withstand this 
temperature for a short time. The results of 
stoppage of the steam injection, either with or 
without a concurrent loss of water flow, are not 
discussed. 

Again it should be said that the concepts of 
spray cooling which have been put forward are 
not so much attempts to modify the concept of 
the boiling-water reactor as they are attempts 
to achieve a reactor which will give high neu- 
tron economy and high specific power and which 
will at least constitute a step in the production 
of high-temperature steam. This goal is not an 
easy one to attain, and, although the concept of 
spray cooling may involve complexities and, at 
the moment, uncertainties, the attainment of its 
objectives are certainly worth a considerable 
effort. 


The Variable-Moderator Reactor 


The Variable-Moderator Reactor concept is 
being investigated for the AEC by the Ad- 
vanced Technology Laboratories, a division of 
American-Standard. A recent hazards sum- 
mary report,‘ covering proposed critical ex- 
periments for the study at Battelle Memorial 
Institute, is of general interest because of the 
information it gives on the reactor concept. 

The principle of this reactor concept is to 
arrange the fuel rods in clusters that are sepa- 
rated from one another by relatively wide mod- 
erator channels. The coolant water within the 
clusters is separated from the moderator water 
outside the clusters by a suitable calandria de- 
sign of the core structure so that the level of 
the moderator water can be adjusted, independ- 
ently of the coolant-water flow system, to regu- 
late and control reactivity. 

The particular embodiment of the principle 
described in reference 4 employs rod type fuel 
elements containing UO, of about 2.2 per cent 
enrichment, jacketed in zirconium tubes about 
0.5 in. in diameter. The hexagonal fuel assem- 
blies consist of 37 such fuel rods, and the as- 
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semblies are arranged in a spaced hexagonal 
lattice to form a core about 6 ft in diameter. 
The operating pressure of the reactor would be 
about 600 psig, and it is stated that the concept 
is applicable in power ranges from 20 to 200 
Mw(e). 

The core structure is like a shell-and-tube 
heat exchanger, with the hexagonal fuel-element 
channels representing the tubes, and the vessel 
immediately surrounding the core representing 
the shell. This core assembly is contained with- 
in a second vessel (the reactor pressure ves- 
sel). The region between the vessels is filled 
with water and serves as a reflector and as a 
downcomer for the recirculating water. Steam 
condensate and makeup enter at the top of the 
moderator region (the region around the fuel- 
assembly channels) through a variable-speed 
water pump. The water level in the moderator 
region is controlled by this pump in combina- 
tion with a control valve. The moderator water 
passes downward through the moderator space, 
and at the bottom it passes into a coolant inlet 
plenum where it mixes with water from the re- 
flector. The water then passes upward within 
the fuel-element channels and boils as it cools 
the fuel rods. Steam is separated from the water 
in an upper plenum, and the water is recircu- 
lated downward through the reflector to the 
coolant inlet plenum. 

Of course, the effect on reactivity of voiding 
the moderator channels will depend on, among 


other things, the fuel-to-water ratio in the re- 
actor and the relative volumes of the moderator 
spaces and the coolant-water spaces. Theoreti- 
cally, a large amount of reactivity control should 
be possible, but rather careful design studies 
and analyses are no doubt required to evaluate 
what the practical limits will be. The proposed 
critical experiments will, of course, contribute 
information for these analyses. 
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